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major  accomplishment  of  our  studies  is  demonstration  of  proof-of-concept  for  our  closed-loop  strategy  before  and  after  a  spinal 
hemisection  at  C2  which  results  in  immediate  paralysis  of  the  ipsilateral  hemidiaphragm.  Our  studies  have  established  that 
ISMS  at  the  level  of  the  PhMN  can  effectively  activate  diaphragm  motor  units  following  high  cSCI  even  beyond  when 
stimulation  ended.  Per  comments  from  our  proposal’s  initial  review,  we  also  began  looking  at  the  efficacy  of  high  frequency 
(open-loop)  spinal  (epidural)  stimulation.  Our  data  indicate  this  approach  is  not  as  effective  at  selectively  activating  inspiratory 
diaphragm  (phrenic)  motor  units.  These  and  other  areas  of  progress  lend  considerable  initial  strength  to  the  potential 
therapeutic  value  of  closed-loop  ISMS  activation  of  respiratory  circuits  caudal  to  SCI. 
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1.  INTRODUCTION: 


Compromised  breathing  (i.e.,  respiratory  insufficiency)  is  one  of  the  more  devastating  and  potentially 
life-threatening  consequences  of  spinal  cord  injury  (SCI)  at  mid-  to  upper-neck  (i.e.,  cervical)  levels  due  to 
disrupted  connections  between  respiratory  centers  in  the  brainstem  and  circuits  controlling  ventilatory 
muscles  in  the  spinal  cord.  Lesions  at  or  above  C4  often  result  in  severely,  if  not  completely,  reduced 
diaphragm  function.  This  muscle,  which  is  often  considered  the  primary  muscle  of  inhalation,  receives  its 
motor  innervation  from  the  phrenic  nucleus  primarily  located  at  spinal  C3-C5.  Depending  upon  the  severity 
and  symmetry  of  the  injury,  descending  inspiratory  drive  from  the  brainstem  to  the  phrenic  nucleus  can 
result  in  uni-  or  bilateral  paralysis  of  the  diaphragm.  Severe  impairment  of  diaphragm  function  requires 
individuals  to  receive  some  form  of  assisted  ventilatory  support  (e.g.,  mechanical,  phrenic  nerve,  or 
diaphragm  pacing).  Even  if  some  individuals  are  weaned,  patterns  of  breathing  rarely  approximate  normal, 
and  pulmonary  infection-related  hospitalizations  and  deaths  remain  common.  A  need  thus  exists  for 
interventions  that  can  lead  to  a  greater  and  more  normal  restoration  of  diaphragm  and  other  respiratory 
muscle  functions.  Studies  being  conducted  under  this  Department  of  Defense  award  are  based  upon 
increasing  evidence  showing  that  electrical  stimulation  of  the  injured  spinal  cord  can  elicit  some  degree  of 
motor  function  (e.g.,  standing,  limb  movements)  in  animals  and  humans  even  with  motor  complete  SCIs. 
The  most  common  strategy  involves  epidural  stimulation  in  which  an  electrical  current  is  delivered  to  an 
electrode  array  placed  on  the  surface  of  the  spinal  cord.  Other  studies  are  now  emerging,  however,  which 
show  that  insertion  of  tiny  microwires  directly  into  spinal  cord  tissue  (intraspinal  microstimulation,  ISMS) 
may  produce  more  natural  motor  improvements.  Epidural  high  frequency  spinal  stimulation  has  been 
shown  to  offer  potential  for  improving  aspects  of  respiratory  function,  but  it  is  still  dependent  upon  delivery 
of  programmed  signals  (i.e.,  open-loop).  We  are  now  proposing  to  explore  the  capacity  of  ISMS  to  improve 
diaphragm  function  when  delivered  to  phrenic  circuitry.  An  innovative  feature  of  our  approach  is  a  custom- 
designed  circuit  that  will  be  used  to  capture  signals  from  unaffected  respiratory  muscles.  Those  signals  will 
then  be  used  to  stimulate  the  phrenic  circuit  in  a  natural  and  physiologically  appropriate  fashion  under 
normal  and  more  demanding  ventilatory  conditions.  The  intriguing  possibility  also  exists  this  type  of 
closed-loop  strategy  may  lead  to  persistent  recovery  by  directing  functional  and  anatomical  circuit 
remodeling  and  long-term  effects  no  longer  dependent  upon  stimulation.  We  will  also  determine 
differences  in  outcomes  via  epidural  vs.  ISMS.  Overall,  we  are  proposing  the  first  investigation  of  a 
promising  approach  for  stimulating  respiratory  circuits  in  two  SCI  models  involving  lesions  above  or  within 
the  phrenic  circuit.  Success  of  this  project  can  lead  to  a  significant  shift  in  current  approaches  for 
managing  respiratory  dysfunction  following  cervical  SCI.  Knowledge  obtained  from  this  study  also  may 
have  broader  implications  related  to  the  use  of  ISMS  for  treating  other  aspects  of  SCI  alone  or  in 
combination  with  other  interventions. 
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3.  ACCOMPLISHMENTS: 


Major  Goals  of  the  Project: 

This  Final  Report  is  based  upon  the  summary  presented  at  the  In-Progress  Review  meeting  of 
SCIRP  Funded  (Unclassified)  Research  convened  September  26,  2017  at  Fort  Detrick,  MD. 

The  following  Specific  Aims  were  proposed  for  this  project: 

Aim  1:  To  determine  whether  physiologically-based  ISMS  (intraspinal  microstimulation)  below  a  C3/4 
lateralized  contusion  or  C2  hemisection  will  enhance  the  activity  of  phrenic  motoneurons  (PhMNs)  and 
the  diaphragm. 

This  aim  was  to  be  addressed  by  Major  Tasks  1  and  2  which  involved  mapping  phrenic  circuit  discharge 
patterns  and  obtaining  a  terminal  electrophysiological  comparison  of  epidural  stimulation  and  ISMS  after 
chronic  C2Hx.  Also,  included  was  Major  Task  3  to  analyze  tissue  responses  to  microwire  implantation. 
This  effort,  however,  seemed  more  appropriate  under  experiments  in  Aim  2  and  was  thus  not  immediately 
pursued  beyond  some  initial  experiments.  The  main  part  of  this  aim  was  to  be  addressed  by  Major  Task 
5  that  was  designed  to  obtain  proof-of-concept  for  closed-loop  ISMS  of  PhMNs  and  thereby  obtain  a 
lead-in  to  Aim  2.  It  should  be  noted  that  focus  of  all  our  lesion  studies  was  the  C2  hemisection  (C2Hx) 
model.  With  prior  DOD  approval,  the  contusion  injury  was  dropped  from  the  study  for  multiple  practical 
and  logistical  reasons.  Foremost  was  the  injury  model  and  resulting  deficits  needed  further  development 
based  upon  conflicting  findings  in  the  literature,  whereas  the  C2Hx  model  was  far  more  established. 
Studies  were  conducted  as  part  of  a  University  of  Florida  and  University  of  Washington  collaboration 
which  essentially  replicated  UF  results. 

Aim  2:  To  demonstrate  with  neuroanatomical  and  electrophysiological  methods  that  patterned  electrical 
stimulation  of  spinal  circuitry,  caudal  to  the  site  of  injury,  will  promote  altered  connectivity  in  conjunction 
with  changes  in  PhMN  and  diaphragm  function. 

This  aim  identified  with  Major  Tasks  6-1 1  which  were  to  test  open-  and  closed-loop  ISMS  in  awake,  freely- 
behaving  C2Flx  rats.  Replication  of  the  most  promising  stimulation  approach  was  to  be  pursued  with  follow¬ 
up  neuroanatomical  studies.  This  aim,  unfortunately,  could  not  be  completed  as  intended  as  the  protocols 
needed  to  perform  these  experiments  involved  complex  surgeries  and  more  technical  refinement  than 
envisioned  for  the  original  proposal.  Nevertheless,  progress  did  continue,  and  this  aim  represents  a  control 
for  two  recently  funded  proposals  based  upon  work  carried  out  during  this  DOD  award  period.  Some  initial 
findings  showing  diaphragm  responses  in  awake  C2Hx  rats  are  presented  at  the  end  of  this  report. 

Specific  Accomplishments  of  the  Project: 

Table  1  (Appendix)  presents  a  summary  of  the  status  of  work  that  was  originally  listed  in  our  Statement 
of  Work.  The  detailed  descriptions  below,  reflect  the  more  natural  progression  of  research  directed  at  the 
main  objectives  of  the  supported  research  -  namely  to  obtain  insights  regarding  the  potential  of  intraspinal 
microstimulation  for  improving  respiratory  outcomes  following  cervical  spinal  cord  injury.  Accordingly, 
several  major  tasks  were  either  fused  by  virtue  of  the  focus  of  the  individual  experiments  or  overlapped  in 
varying  degrees. 

Study  (Major  Tasks  2  and  7):  Terminal  electrophysiological  analysis  of  affected  hemidiaphraqm 
function  after  C2Hx  and  respiratorv-triqqered  intraspinal  microstimulation  (ISMS).  As  noted  above, 
one  of  the  primary  objectives  of  Aim  1  was  to  obtain  proof-of-concept  for  physiologically-triggered  ISMS 
serving  to  restore  diaphragm  function  below  a  high  cervical  injury.  The  results  of  that  study  were  published 
in  the  J.  Neurophysiology  (see  Item  6)  and  a  copy  of  that  article  is  appended  to  this  Report. 

In  brief,  the  design  of  that  study  entailed  animals  being  maintained  under  tightly  controlled  physiological 
conditions  with  regard  to  temperature  and  blood  gases  especially.  Mechanical  ventilation  was  employed  to 
remove  fluctuations  in  Pao2  and  Paco2.  End-tidal  CO2  was  continuously  monitored.  Genioglossus  EMGs 
were  used  as  a  physiological  trigger  for  ISMS  since  the  tongue  moves  in  synchrony  with  inspiratory 
activation  of  the  diaphragm.  ISMS  stimulation  involved  a  continuous  250ms  train  and  0.3  ms  pulses  at  1 00Hz 
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and  100pA.  Three  groups  of  rats 
were  tested  with  this  protocol:  spinal 
intact,  acute  C2Hx,  and  subacute 
C2Hx  (5-21  d  post-injury).  Figure  1 
illustrates  the  major  outcome  of  the 
study.  In  a  subacute  C2Hx  animal, 
the  hemidiaphragm  ipsilateral  to  a 
histologically  verified  complete 
hemisection  (Fig.  IB)  is  paretic  but 
becomes  activated  by  genioglossus- 
triggered  ISMS  was  delivered  during 
the  breaths  marked  by  the  black 
bars.  (Fig.  1A).  Stimulus-triggered 
averages  from  the  ipsilesional  (solid 
line)  and  contralesional  diaphragm 
(dashed  line)  were  obtained  from  the 
period  indicated  by  the  dashed 
boxes  in  Fig.  1A.  These  traces 
illustrate  activation  of  the  diaphragm 
restricted  ipsilateral  to  the  C2Hx 
lesion.  Tracheal  pressures  were 
evaluated  to  explore  the  potential  of 
a  biomechanical  impact  of  ISMS- 
induced  muscle  contract-ion. 

Negative  pressure  swings  in 

tracheal  pressure  would  be 

expected  in  this  preparation  if  diaphragm  contraction  is  altering  the  dimensions  of  the  thoracic  cavity.  Figure 
1  D  shows  average  change  in  tracheal  pressure  during  lung  inflation  at  pre-stimulation  baseline  and  during 
ISMS.  *P  <  0.05. 
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(Right) 
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Diaphragm 

(Left) 
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Triggered 

Average 
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Figure  1.  Figure  from  Mercier  LM,  et  al.  J  Neurophysiol  117:  767-776, 
2017. 


Collectively,  this  study  demonstrated  the 
feasibility  of  using  intra-spinal 
microstimulation  (ISMS)  of  the  cervical 
spinal  cord  to  evoke  diaphragm  activity 
ipsilateral  to  acute  and  subacute 
hemisection  of  the  upper  cervical  spinal  cord 
of  the  rat.  In  addition,  these  data  provide 
proof-of-concept  for  the  efficacy  of 
diaphragm  activation  using  an  upper  airway 
respiratory  EMG  signal  to  trigger  ISMS  at  the 
level  of  the  ipsilesional  phrenic  nucleus 
during  acute  and  advanced  post-injury 
intervals. 

Even  more  interesting  was  that  the 
lasting  effect  of  ISMS  as  shown  in  Figure  2 
by  recordings  that  illustrate  persistence  of 
ipsilateral  diaphragm  EMG  activity  following 
ISMS.  Figure  2A  shows  tongue  and 
ipsilateral  (left)  diaphragm  EMG  activity  after 
acute  C2Flx,  during  ISMS,  and  immediately 
after  cessation  of  ISMS.  Note  that  clear 
phasic  (inspiratory)  activity  can  be  seen  after 
ISMS,  whereas  the  baseline  showed  no 
such  activity.  A  similar  response  can  be 
observed  in  a  subacute  C2Flx  animal.  In 
these  examples,  the  ISMS  was  triggered  by  the  inspiratory  genioglossus  EMG  signal  and  was  delivered  at 
100  Hz  for  1  min  of  respiratory  efforts.  This  potentially  important  observation  was  not  part  of  our  original 
hypothesis.  Persistence  of  inspiratory  bursting  in  the  hemiparetic  diaphragm  for  several  respiratory  cycles 
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Figure  2.  From  Mercier  et  al.  J.  Neurophysiol.  1 17:767-776, 
2017. 
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Figure  3.  Average  changes  in  phrenic  and  hypoglossal  nerve  activity  following  C4  HF-ES.  Depicted  are  changes  in 
phasic  (A-C),  tonic  (D-F),  and  total  (G-l)  phrenic  and  hypoglossal  nerve  activity  following  HF-ES  of  the  C4  spinal 
cord,  delivered  at  2  and  12  weeks  post-injury.  Data  were  calculated  over  the  3  min  following  each  bout  of  stimulation 
and  are  represented  as  %  change  from  baseline  activity.  HF-ES  delivered  to  the  C4  spinal  cord  at  12  weeks  post- 
2Hx  resulted  in  an  increase  in  phasic  phrenic  activity.  No  other  group  differences  were  observed,  although  dose- 
dependent  increases  in  amplitude  (%change  above  baseline)  were  observed  following  HF-ES  across  both  groups, 
with  the  greatest  amplitude  changes  occurring  following  the  highest  stimulation  intensities  (e.g.,  500  and  1 ,000  pA). 
Note  that  profound  increases  in  tonic  activity  comprised  much  of  the  increase  in  total  activity  and  that  the  ipsilateral 
phrenic  nerve  demonstrated  the  most  dramatic  changes  in  nerve  amplitude  relative  to  baseline.  *P<  0.05,  different 
from  100  pA.  #P  <  0.05,  different  from  500  pA.  %P  0.05,  different  from  2  wk  at  same  stimulus  current.  Data  were 
evaluated  using  2-way  repeated-measures  ANOVA  with  Holm-Sidak  post  hoc  tests  for  individual  comparisons 
groups:  2-wk  C4,  n  =  8;  12-wk  C4,  n=  8). 


after  cessation  of  the  stimulation  occurred  in  the  majority  of  acute  and  subacute  C2Hx  lesions  and  is  similar 
to  the  previously  described  phenomenon  of  respiratory  short-term  potentiation  (STP),  which  is  manifested 
as  a  progressive  enhancement  of  activity  followed  by  a  slow  decline  to  baseline  levels  after  removal  of  a 
stimulus.  We  previously  demonstrated  that  hypoxia  can  induce  STP  of  phrenic  motor  output  in  rats  with 
subacute  C2Hx,  and  the  response  is  greater  in  the  nerve  ipsilateral  vs.  contra-lateral  to  the  lesion  (Lee  et 
al.  2015).  The  STP  in  C2Hx  rats  appeared  to  reflect  recruitment  of  a  population  of  phrenic  motoneurons  that 
had  been  silenced  by  injury,  which  continued  to  burst  beyond  the  period  of  hypoxic  stimulation.  This 
increased  phrenic  bursting  after  cessation  of  ISMS  also  may  be  analogous  to  longer-duration  functional 
recoveries  others  have  observed  with  chronic  ISMS  in  other  motor  systems. 


Study  (Major  Task  2, 5):  Epidural  Stimulation  and  Respiratory  Function  Following  C2Hx.  This  study 

was  included  in  the  Statement  of  Work  per  recommendation  of  the  reviewers  of  our  proposal.  The  basic 
goal  was  to  obtain  some  comparative  information  relative  to  what  could  be  achieved  by  ISMS  versus  a 
less  invasive  form  of  spinal  cord  stimulation.  The  publication  resulting  from  this  study  (Gonzalez-Rothi  et 
al.,  2017)  is  appended.  The  hypothesis  tested  was  that  high  frequency  epidural  stimulation  (HF-ES) 
would  potentiate  ipsilateral  phrenic  output  after  subacute  and  chronic  C2Hx.  We  thus  investigated 
whether  applying  HF-ES  with  a  continuous  paradigm  similar  to  stimulation  studies  targeting  increased 
limb  muscle  activation,  can  induce  phrenic  motor  plasticity  on  short  timescales  in  rats  with  subacute  (2 
weeks)  or  chronic  (12  weeks)  C2Hx. 


4 


For  this  study  HF-ES  (300  Hz)  was  applied  to  the  ventrolateral  C4  (Fig.  3)  or  T2  (Fig.  4)  spinal  cord 
ipsilateral  to  C2Hx  in  anesthetized  and  mechanically  ventilated  adult  rats.  Stimulus  duration  was  60-sec 
and  currents  ranged  from  100-1000  pA.  Bilateral  phrenic  nerve  and  ipsilateral  hypoglossal  nerve  activity 
were  recorded  before  and  after  HF-ES.  This  study  is  the  first  to  explore  the  impact  of  HF-ES  on  phrenic 
and  XII  motor  output  after  subacute  and  chronic  incomplete  cervical  SCI. 
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Figure  4.  Average  changes  in  phrenic  and  hypoglossal  nerve  activity  following  T2  HF-ES.  Shown  are  changes  in 
phasic  ( A-C ),  tonic  ( D-F ),  and  total  (G-l)  phrenic  and  hypoglossal  nerve  activity  following  HF-ES  of  the  T2  spinal 
cord,  delivered  at  2  and  1 2  weeks  post-injury.  Data  were  calculated  over  the  3  min  following  each  bout  of  stimulation 
and  are  represented  as  %change  from  baseline  activity.  A  dose-dependent  increase  in  amplitude  (%change  above 
baseline)  was  observed  in  all  nerves  (*P<  0.05,  different  from  lOOpA;  #P  <0.05,  different  from  500  pA)  across  all 
outcomes  (phasic,  tonic,  and  total  nerve  activity),  with  the  greatest  amplitude  changes  occurring  following  the 
highest  stimulation  intensities.  Note  that  profound  increases  in  tonic  activity  comprised  much  of  the  increase  in  total 
activity  and  that  the  ipsilateral  phrenic  nerve  demonstrated  the  most  dramatic  changes  in  nerve  amplitude  relative 
to  baseline.  No  significant  group  differences  were  observed  in  any  nerve  in  any  of  the  outcomes  assessed.  Data 
were  evaluated  using  2-way  repeated-measures  ANOVA  with  Holm-Sidak  post  hoc  tests  for  individual  comparisons 
(groups:  2-weeks  T2,  n=7;  1 2-weeks  T2,  n=  7). _ 


Higher  T2  stimulus  currents  potentiated  ipsilateral  phasic  inspiratory  activity  at  both  2  and  12  weeks 
post-C2Hx  (Fig.  4),  whereas  higher  stimulus  currents  delivered  at  C4  (Fig.  3)  potentiated  ipsilateral  phasic 
phrenic  activity  only  at  1 2  weeks  (P  <0.028,  Figs.  3  and  4,  from  Gonzalez-Rothi  et  al.,  201 7).  Meanwhile, 
tonic  output  in  the  ipsilateral  phrenic  nerve  reached  500%  of  baseline  values  at  the  high  currents  with  no 
difference  between  2  and  12  weeks.  HF-ES  did  not  trigger  inspiratory  burst-frequency  changes.  Similar 
responses  occurred  following  T2  HF-ES  (Fig.  4,  from  Gonzalez-Rothi,  2017).  Increases  in  contralateral 
phrenic  and  XII  nerve  output  were  induced  by  C4  and  T2  HF-ES  at  higher  currents,  but  the  relative 
magnitude  of  these  changes  was  small  compared  with  the  ipsilateral  phrenic  response. 

We  conclude  that  following  incomplete  cervical  spinal  cord  injury,  HF-ES  of  the  ventrolateral  mid- 
cervical  or  thoracic  spinal  cord  can  potentiate  efferent  phrenic  motor  output  with  little  impact  on  inspiratory 
burst  frequency.  However,  the  substantial  increases  in  tonic  output  indicate  that  the  uninterrupted  60s 
stimulation  paradigm  is  unlikely  to  be  useful  for  respiratory  muscle  activation  after  spinal  cord  injury. 
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Study  (Major  Task  1):  Mapping  respiratory-related  circuitry  in  the  intact  spinal  cord  of  the  adult 

rat.  Part  A. 


A  fundamental  question  related  to  most,  if  not  all,  approaches  to 
spinal  cord  stimulation  is  what  is  being  stimulated.  In  addition,  it 
may  become  extremely  useful  to  have  a  perspective  regarding 
neural  substrate  changes  occurring  after  spinal  cord  injury  (SCI).  As 
a  prelude  to  a  detailed  mapping  study  of  respiratory-related  circuitry 
(now  in  progress)  following  SCI,  two  studies  were  carried  out 
involving  spinal-intact  rats  in  which  we  first  wanted  to  demonstrate 
an  ability  to  identify  multielectrode  array  (MEA)  recording  sites  and 
then  use  MEAs  to  study  respiratory-modulated  interneurons  which 
we  would  ultimately  wish  to  target  with  ISMS.  The  first  study  involved 
development  of  a  silver  labeling  approach  which  was  described  in  a 
publication  listed  in  Item  6  and  appended  to  this  Report  (Streeter  et 
al.,  2017a) 


®  ,v  ' 

*  *  ^  '  **  * 4*  * 

.  ^  *%t  '  •; 

M 

Figure  5A  shows  the  MEA  consisting  of  16  fine  tungsten  wire 
electrodes  each  controlled  by  micromotors  and  held  in  place  by  the 
array  guide.  The  electrode  tips  maintained  in  a  “fixed  matrix”  by  the 
array  guide  (Fig.  5B).  For  recording,  the  electrodes  are  positioned  in 
the  dorsal  C4  spinal  cord  at  the  dorsal  root  entry  zone 
(e.g.,  black  arrows,  Fig.  5C).  Figure  5D  shows  a 
schematic  of  the  recording  matrix  consisting  of  8 
electrodes  arranged  in  2  rows  of  4.  The  inner  distance 
between  the  2  sets  of  8  electrodes  was  ~1  mm,  and  the 


Inspiratory  and  Tonic  Interneurons 


Figure  6.  Representative  histological  sections 
from  the  cervical  spinal  cord  containing  silver- 
labeled  sites  counterstained  with  cresyl  violet 

distance  between  electrodes  within  each  row 
was  -300  pm. 

We  delivered  100-nA  currents  to  electro¬ 
plate  silver  onto  and  subsequently  deposit  sil¬ 
ver  from  electrode  tips  after  obtaining  mid- 
cervical  (C3-C5)  recordings  using  an  MEA  in 
anesthetized  and  ventilated  adult  rats.  Histo¬ 
logical  studies  verified  that  the  silver  deposi¬ 
tion  method  discretely  labeled  (50pm  resolu¬ 
tion)  spinal  recording  locations  between  lam¬ 
inae  IV  and  X  in  cervical  segments  C3-C5 
(Fig.  6).  Using  correlative  techniques,  we 
next  tested  the  hypothesis  that  mid-cervical 
neuronal  discharge  patterns  are  temporally 
linked.  Cross-correlation  histograms  pro¬ 
duced  few  positive  peaks  (5.3%)  in  the  range 
of  0-0.4  ms,  but  21 .4%  of  neuronal  pairs  had 
correlogram  peaks  with  a  lag  of  -0.6  ms. 
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Figure  7.  Silver  labeling  of  mid-cervical  spinal  interneurons.  A 
representative  C4  section  containing  a  silver-labeled  site 
counterstained  with  cresyl  violet  and  high-resolution  image 
containing  the  silver-labeled  site  (callout).  B:  corresponding 
neuronal  output  and  integrated  phrenic  output  during  baseline 
hypoxia,  and  post-hypoxia  depicting  a  single  tonic  firing  neuron 
at  baseline  and  recruitment  of  a  phasic  inspiratory  neuron 
during  hypoxia  and  post-hypoxia.  C:  integrated  phrenic  output, 
raw  neuronal  discharge,  and  sorted  spikes  (waveforms)  during 
hypoxia.  D:  cycle-triggered  histograms  of  both  neurons  during 
50  consecutive  breaths  overlaid  with  the  average  integrated 
phrenic  waveform  during  hypoxia.  E:  spike-triggered  average 
of  the  raw  and  rectified  phrenic  nerve  depicting  a  lack  of 
positive  features. 
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Accordingly,  we  identified  in¬ 
spiratory  (Fig.  7)  and  expira¬ 
tory  (not  shown,  see  publica¬ 
tion)  interneuronal  popula¬ 
tions.  These  results  are  con¬ 
sistent  with  synchronous  dis¬ 
charge  involving  mono-  and 
polysynaptic  connections 
among  mid-cervical  neurons. 
We  conclude  that  there  is  a 
high  degree  of  synaptic  con¬ 
nectivity  in  the  mid-cervical 
spinal  cord  and  that  the  silver¬ 
labeling  method  can  reliably 
mark  metal  electrode  record¬ 
ing  sites  and  “map”  interneu¬ 
ronal  populations,  thereby 
providing  a  low-cost  and 
effective  tool  for  use  in  MEA 
experiments.  We  suggest  that 
this  method  will  be  useful  for 
further  exploration  of  mid- 
cervical  network  connectivity. 

Study  (Major  Task  1): 

Mapping  respiratory- 

related  circuitry  in  the 

intact  spinal  cord  of  the 

adult  rat.  Part  B. 

The  above  study  was 
followed  up  by  a  more 
detailed  analysis  of  phrenic 
neural  circuitry  using  the  MEA 
approach  described.  In 
addition,  we  added 
intermittent  hypoxia  (IH)  to  the 
recording  protocols  to 
demonstrate  respiratory- 
modulated  interneuronal 
connectivity.  IH  is  becoming 
recognized  as  a  viable 
rehabilitative  strategy  for 
improving  respiratory  function 
and  may  be  coupled  with 
other  interventions  such  as 
ISMS.  Acute  intermittent 
hypoxia  (AIH)  can  trigger 
spinal  plasticity  associated 
with  sustained  in-creases  in 
respiratory,  somatic,  and/or 
autonomic  motor  output. 

However,  the  impact  of  AIH  on  cervical  spinal  interneuron  (C-IN)  discharge  and  connectivity  is  unknown. 
Thus,  we  were  in-terested  in  gaining  insights  into  the  connectivity  of  respiratory-modulated  spinal 
interneurons  and  how  that  might  be  affected  by  IH.  Accordingly,  bilateral  phrenic  nerve  activity  was 
recorded  in  anesthetized  and  ventilated  adult  male  rats  and  a  multielectrode  array  was  used  to  record 
C4/5  spinal  discharge  before  [baseline  (BL)],  during,  and  15  min  after  three  5  min  hypoxic  episodes  (11% 
O2 ,  H1-H3).  The  published  paper  (Streeter  et  al.,  2017b)  is  appended  in  Item  6. 


Figure  8.  C-INs  temporally  linked  to  pre-phrenic  neurons  before,  during, 
and  following  acute  intermittent  hypoxia.  A,  B,  Schematic  of  second-order 
excitatory  C-IN  projecting  to  excitatory  pre-phrenic  (A)  and  inhibitory  pre- 
phrenic  C-IN  (B).  C,D,  Excitatory  C-INs  (as  a  percentage  of  possible 
connections)  temporally  linked  to  excitatory  pre-phrenic  C-INs  (C)  and 
inhibitory  (D)  pre-phrenic  C-INs.  E,  F,  Linear  regression  analysis  of  the 
proportion  of  second-order  excitatory  connections  to  excitatory  (E)  and 
inhibitory  (F  )  pre-phrenic  C-INs.  G,  H,  Schematic  summarizing  second- 
order  excitatory  C-INs  projecting  to  excitatory  (G)  and  inhibitory  (H)  pre- 
phrenic  interneurons  at  BL  (brown)  and  recruited  (orange)  during 
intermittent  hypoxia.  (From  Streeter  et  al.,  2017b). 
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We  found  that  most  C-INs  (94%)  responded  to  hypoxia  by  either  increasing  or  decreasing  firing  rate. 
Functional  connect-ivity  was  examined  by  cross-correlating  C-IN  discharge.  Cor-relograms  with  a  peak 
or  trough  were  taken  as  evidence  for  ex-citatory  or  inhibitory  connectivity  between  C-IN  pairs.  We  further 
identified  C-INs  that  were  functionally  connected  to  pre-phrenic  C-INs  (ideal  targets  for  ISMS);  these 
neurons  were  operationally  defined  as  “second  order”  (Fig.  8).  The  relationship  between  the  number  of 
excitatory  connections  from  second-order  C-INs  to  either  excitatory  pre-phrenic  neurons  or  inhibitory  pre- 
phrenic  neurons  was  quantified  (Fig.  8C,  D),  and  examined  using  linear  regression  (Fig.  8E,F).  A  strong, 
positive  relationship  was  present  between  the  number  of  excitatory  connections  (n  =  24)  from  second 
order  neurons  to  excitatory  pre-phrenic  interneurons  (n  =  5)  during  (R2  =  0.982;  p  <  0.0091 ),  but  not  after 
hypoxia  (R2  =  0.048;  p<0.721 1 ;  Fig.  8E).  We  did  not  detect  a  sufficient  number  of  inhibitory  pre-phrenic 
interneurons  (n=2)  to  enable  a  similar  statistical  test,  but  data  are  shown  in  Figure  8F. 

These  results  provide  evidence  that  the  number  of  excitatory  connections  between  C-INs  and 
excitatory  pre-phrenic  interneurons  is  enhanced  during  hypoxia  (summarized  by  Figs.  8  G  and  H).  Thus, 
we  conclude  that  C-INs  are  an  integral  part  of  the  neural  network  that  controls  the  diaphragm,  and  that 
the  strength  of  synaptic  connections  in  this  network  may  be  altered  during  and  after  AIH.  Similar  mapping 
experiments  are  currently  in  progress  to  see  how  these  patterns  of  connectivity  and  effects  of  AIH  are 
altered  by  C2Hx.  That  study  will  cap  off  this  Major  Task  of  the  Statement  of  Work. 

University  of  Washington  Subcontract:  Chet  Moritz,  Ph.D.  (Subcontract  P.l.) 

Additional  Magging^  Data  and  Replication:  Major  Tasks  1  ancj  8 

The  above  mapping  studies  were  reproduced  at  the  University  of  Washington,  and  the  manuscript  to 
Exp.  Neurol,  has  just  been  accepted  with  very  minor  revision  (Sunshine  et  al.,  In  Press).  A  next-to-final 
draft  is  appended  (Item  6). 


As  noted  above,  a  complex 
propriospinal  network  is  synaptically 
coupled  to  phrenic  and  intercostal 
motoneurons  which  makes  it  difficult 
to  predict  how  gray  matter 
intraspinal  microstimulation  (ISMS) 
will  recruit  respiratory  motor  units. 
Using  acute  electrodes  to  apply 
ISMS  (Fig.  9),  we  mapped  the 
cervical  and  high  thoracic  gray 
matter  at  locations  which  ISMS 
activates  diaphragm  (DIA)  and 
external  intercostal  (EIC)  motor 
units.  Respiratory  muscle 
electromyography  (EMG)  was 
recorded  in  anesthetized  female 
spinal-intact  adult  rats  while  a 
stimulating  electrode  was  advanced 
ventrally  into  the  spinal  cord  in  600 
pm  increments.  At  each  depth, 
single  biphasic  stimuli  were 
delivered  at  10-90pA  during  both  the 
inspiratory  and  expiratory  phase 
independently.  Twenty  electrode 
tracks  were  made  from  C2-T1  at 
medial  and  lateral  gray  matter 
locations. 

Figure  10  shows  the  impact  of 
electrode  location  and  respiratory 
phase  on  ISMS-induced  respiratory 
muscle  activation.  We  noted  first 
that  the  anatomical  locations  at 
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Figure  9.  Experimental  set-up.  A)  Rodent  respiratory  anatomy  including 
schematic  of  spinal  innervation  to  key  respiratory  muscles.  EMG 
recording  electrodes  were  placed  in  the  Diaphragm  (DIA),  External 
Intercostal  (EIC)  and  Sternocleidomastoid  (SCM)  muscles.  B)  Dorsal 
view  of  the  exposed  spinal  cord.  Grey  circles  indicate  the  position  where 
each  of  the  20  stimulation  tracks  began  on  the  dorsal  surface  of  the 
spinal  cord  in  an  example  animal.  C)  Coronal  view  illustrating  electrode 
racks  (dashed  lines)  and  stimulus  locations  (red  circles).  Stimulus 
paradigm.  D)  Diaphragm  EMG  prior  to  the  start  of  stimulation.  E 
Diaphragm  EMG  is  rectified  and  integrated  with  a  sliding-average 
window.  For  each  stimulation  site,  there  was  a  50%  probability  of  first 
triggering  stimulation  during  either  inspiration  or  expiration.  F)  Ten 
stimuli  delivered  at  10-90pA  in  steps  of  20pA.  After  all  stimulus 
ntensities  are  delivered  during  one  phase  of  respiration,  stimulation  is 
then  delivered  during  the  opposite  respiratory  phase  at  each  intraspinal 
ocation.  (From  Sunshine  et  al.,  In  Press). _ 
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which  ISMS  activated  a  muscle  tended  to 
cluster  across  multiple  segments. 
Independent  muscle  activation  (i.e.,  without 
any  co-activation)  occurred  at  a  relatively 
low  number  of  locations,  and  was  more  likely 
to  occur  during  expiratory  vs.  inspiratory 
phase  ISMS  (Fig.  10B).  Overall,  significantly 
more  sites  elicited  independent  muscle 
activation  during  expiratory  (25±8%) 
compared  to  inspiration  triggered  ISMS 
(1 8±4%;  p  =  0.03).  In  contrast,  activating  two 
muscles  via  a  single  ISMS  pulse  (i.e.,  co¬ 
activation)  was  more  likely  to  occur  during 
the  inspiratory  phase  (51  ±12%  of  sites)  as 
compared  to  the  expiratory  phase  (25±1 1%; 
p<0.001).  The  mean  co-activation  data  are 
shown  in  Fig.  10C.  Note  that  significantly 
greater  co-activation  of  all  muscle  pairs 
occurred  during  inspiratory  vs.  expiratory 
stimulation.  We  also  observed  a 
considerable  number  of  ISMS  locations  at 
which  no  muscle  activation  could  be  evoked, 
and  as  shown  in  Fig.  10D  this  was  more 
prominent  during  expiration  when 
approximately  50%  of  locations  failed  to 
evoke  muscle  activity.  The  average 
stimulation  threshold  to  evoke  a  response 
ranged  from  46-55Ma,  and  this  value  was 
not  different  between  muscles,  nor  was  it 
altered  by  the  respiratory  phase  (two-way 
ANOVA  interaction  p  =  0.4492). 


The  latencies  of  recorded  evoked  responses  (n=3187  across  experiments)  are  summarized  in  Fig.  1 1 . 
The  plot  in  Fig.  1 1 A  indicates  a  multi-modal  distribution  of  activation  latency  with  the  earliest  detectable 

EMG  responses  occurring  1.2  ms  after  the 
stimulus.  The  latency  distributions  were  next  used 
to  classify  the  activation  of  individual  muscles 
during  inspiratory-  (Fig.  1 1 B)  and  expiratory- 
phase  ISMS  (Fig.  11C).  During  inspiration,  the 
average  number  of  short  latency  (<2.6  ms) 
diaphragm  activations  was  relatively  low.  The 
greatest  number  of  diaphragm  activations 


occurred  at  latencies  ~  3.9  ms  (Fig.  11B).  In 
contrast  to  the  diaphragm,  both  the  external 


Figure  11.  Synaptic  delays  following  ISMS 
stimulation  A)  Pooled  data  from  all  trials  with  ISMS- 
evoked  EMG  responses  (3187/16200).  Histogram 
(0.1  ms  resolution)  demonstrates  the  quantal  pattern  of 
synaptic  delays.  Dark  green  line  indicates  polynomial 
fit,  purple  lines  indicate  how  data  were  divided  into 
putative  direct,  monosynaptic,  disynaptic  and 
polysynaptic  activations.  B)  Muscle  activation  synaptic 
delays  resulting  from  stimulation  delivered  during  the 
inspiratory  phase.  C)  Muscle  activation  synaptic  delays 
resulting  from  stimulation  delivered  during  the 
expiratory  phase.  (*  denotes  p<0.05).  Diaphragm 
(DIA),  External  Intercostal  (EIC)  and 
Sternocleidomastoid  (SCM).  (From  Sunshine  et  al.,  In 
Press). 
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Figure  10.  ISMS-evoked  respiratory  muscle  activation  &  co¬ 
activation.  A)  Stimulus  locations  activating  respiratory  muscles 
during  inspiration  (left)  and  expiration  (right)  at  the  lowest 
stimulus  current  to  elicit  EMG  activity  in  a  representative  animal, 
the  center  of  the  vertebral  bones  is  noted  along  the  x-axis. 
Colors  denote  individual  muscles  or  combinations  of  muscles. 
Abbreviations  as  in  Figure  2.  B-D)  EMG  response  observed  as 
a  percentage  of  the  total  sites  tested  at  the  lowest  current  to 
elicit  EMG  activity  in  any  muscle  (mean  +  SEM).  Each  figure 
displays  the  type  of  muscle  activity  or  co-activity  during 
inspiration  (‘I’;  light  shading)  and  expiration  (‘E’;  dark  shading). 
t  denotes  p  <0.1,  ‘denotes  p<0.05.  Diaphragm  (DIA),  External 
Intercostal  (EIC)  and  Sternocleidomastoid  (SCM).  (From 
Sunshine  et  al.,  In  Press) _ 
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intercostal  and  sternocleidomastoid  muscles  were  more  likely  to  be  activated  at  latencies  ~2.5  ms  (Fig. 
8B). 


Replication  of  University  of  Florida  Teirninal  ISMS  Results  (Abecassis  ancj  Moritz,  in 

Preparation)  (Major  Tasks  4,  5  and  9} 

Basic  Methods/Desiqn:  Adult  rats  were  anesthetized  with  Isoflurane.  After  a  midline  laparotomy, 
bilateral  diaphragm  muscles  were  visualized  and  implanted  with  two  Tungsten  electromyography  (EMG) 
leads.  Intra-operative  electrophysiological  monitoring  was  used  to  confirm  appropriate  lead  position  with 
adequate  signal  to  noise  ratio.  The  animal  was  then  positioned  prone,  a  midline  incision  made,  and 
muscular  dissection  carried  down  to  expose  the  suboccipital  region,  and  the  spinous  processes  of  C1- 


Figure  12.  Left  (top)  and  right  (bottom)  diaphragm  EMG 
activity.  Note  that  after  stimulation  at  threshold,  there 
was  1 .20x  the  amount  of  total  EMG  activity  in  the  injured 
(left)  diaphragm. 
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Figure  13.  Open  loop  stimulation.  Note  a  smaller 
ncrease  in  after-effect  (1 .07)  in  the  top  row.  For  this 
figure  and  Figs.  12  and  14  The  number  on  the  far  left  of 
the  screen  is  the  ratio  of  L  to  R  diaphragm  EMG  signal 
before  any  experiments.  Top  left  number  is  the  ratio  of 
post  SCI  EMG  signal  to  PRE  injury  (i.e.  how  much 
signal  remained  after  a  near-complete  C2  hemisection). 
Bottom  left  number  is  for  uninjured  side  (control).  Top 
right  is  the  ratio  of  post-stimulation  EMG  signal  to  pre¬ 
stimulation,  bottom  is  for  uninjured  side. 


Figure  14.  Closed  loop  stimulation  at  1.5x  threshold  for 
current  amplitude.  Note  that  there  is  not  any 
improvement  in  the  amount  of  after-effect  (1 .16)  from 
threshold  (Figure  12, 1.20). _ 

stimulation  triggered  by  respiratory  phase  (Fig.  12) 
when  stimulation  was  unrelated  to  respiratory  phase 


T2.  Left  hemi-laminectomies  were  performed  at  C2 
and  C4,  followed  by  a  left  C2  hemisection  injury, 
until  near-complete  loss  of  ipsilateral  EMG  signal 
was  observed.  A  stimulating  electrode  was 
stereotaxically  positioned  within  the  spinal  cord, 
where  ISMS  was  delivered  based  on  ongoing 
contralateral  diaphragm  activity. 

Main  Findings:  Activation  of  hemidiaphragm 
activity  after  an  acute  C2Hx  was  demonstrated  as 
shown  in  Mercier  et  al.  (201 7).  In  addition,  an  even 
more  robust  persistence  of  effect  was  observed 
following  cessation  of  stimulation.  After  testing  the 
effects  of  ISMS  in  10  animals,  there  was  an  “after¬ 
effect”  in  diaphragmatic  EMG  activity  ipsilateral  to 
the  SCI  in  5  of  the  animals  (50%).  This  effect 
appeared  to  rely  on  a  closed-loop  pattern  of 
,  with  little  effect  observed  in  an  open-loop  setting 
(Fig.  13).  Additionally,  it  appears  that  increasing  the 
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current  of  stimulation  above  threshold  did  not  increase  the  amount  of  after-effect  (Fig.  14).  An  incomplete 
C2Hx  is  required  to  enhance  the  chances  of  obtaining  any  sort  of  persisting  effect. 

Our  initial  hypothesis  is  that  the  stimulation  (particularly  after  incomplete  injury)  causes  a  release  of 
5-HT  in  the  immediate  vicinity  of  the  phrenic  motoneurons  which  may  thereby  account  for  the  facilitation 
seen  after  stimulation.  However,  it  may  be  that  the  potentiation  observed  is  a  slow  decay  of  output 
(similar  to  STP,  which  is  not  5-HT  dependent)  or  it  is  a  sustained  response  (similar  to  respiratory  long¬ 
term  facilitation,  which  is  5-HT  dependent).  Regardless  of  the  mechanism,  such  closed-loop  stimulation 
appears  promising  as  a  potential  therapy,  and  merits  further  investigation. 

Major  Tasks  8-11:  Studies  of  ISMS  and  Epidural  Stimulation  on  Recovery  of  Diaphragm  Function 

and  Neural  Circuit  Plasticity  Following  C2Hx  in  Awake,  Freely-Behaving  Rats. 


The  last  phase  of  this  project  was  to  carry  forward  with  our  terminal  proof-of-concept  ISMS  study 
(Mercier  et  al.,  2017)  in  chronic  ISMS  animals  and  compare  results  with  chronic  epidural  stimulation. 
Based  on  earlier  results  and  the  labor-intensive  nature  of  the  overall  project,  epidural  stimulation  was  not 
pursued.  In  addition,  we  wanted  to  investigate  whether  functional  outcomes  were  related  to  anatomical 
plasticity.  For  various  logistical  reasons  mentioned  below  (Item  5),  progress  was  limited.  However, 
towards  the  end  of  the  DoD  funding  period,  two  new  awards  were  obtained  for  which  this  part  of  the 
proposal  represents  the  control  data.  Accordingly,  this  effort  will  be  completed. 


One  of  the  reasons  for  not  completing  this  phase  of 
the  project  was  the  fact  that  effort  and  technical 
requirements  for  chronic  ISMS  in  anaesthetized,  freely- 
behaving  animals  exceeded  what  was  originally 


envisioned  when  the  proposal  was  submitted. 
Nevertheless,  essential  technical  progress  was  made 
that  demonstrated  not  only  feasibility,  but  also  initial 
data  demonstrating  ISMS  has  potential  for  improving 
diaphragm  function  in  the  awake  animal. For  the  ISMS 
experiment,  the  approach  involved  working  out  a 
complex  surgical  protocol  like  that  described  by 
McPherson  et  al.  (2015,  Targeted,  activity-dependent 
spinal  stimulation  produces  long-lasting  motor  recovery 
in  chronic  cervical  spinal  cord  injury.  PNAS 112: 12193- 
12198).  This  entails  implanting  chronic  EMG  recording 
electrodes  into  each  hemidiaphragm  (DIA,  Fig.  15). 
The  leads  (green  lines,  Fig.  1 5)  are  then  run  in  a  silicone 
tube  subcutaneously  to  a  head  connector  which  relays 
signals  to  a  neural  interface  (Neurochip-2).  The 
Neurochip  is  then  programmed  to  send  a  stimulus  back 
the  cervical  spinal  cord  (red  lines,  Fig.  15). 
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Figure  16.  Open  loop  intraspinal  microstimulation 
delivery  one  week  post  implant.  A)  Example  traces 
of  diaphragm  activity  recorded  from  implanted 
diaphragm  EMG  wires.  Orange  arrows  indicate 
timing  and  amplitude  of  intraspinal  stimulation.  B) 
Stimulus  triggered  averages  from  250pA 
stimulation.  Stimulation  was  separated  into 
inspiratory  delivered  (pink)  and  expiratory  delivered 
(blue)  offline.  Note:  stimulation  was  delivered  on  the 
left  side  only  but  when  stimulation  was  delivered 
during  inspiration  there  was  an  evoked  potential  on 
both  sides  of  the  diaphragm. 

through  the  connector  and  unto  the  ISMS  site  in 
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Our  initial  feasibility  test  involved  an  open-loop  stimulus  delivery  (i.e.,  stimulus  not  triggered  by  DIA 
EMGs)  in  an  anesthetized,  spinal-intact  rat  (Fig.  16).  Consistent  with  our  mapping  studies,  left  side 
stimulation  evoked  a  response  in  both  the  left  and  right  diaphragm  when  stimulation  was  delivered  during 
Inspiratory  phase  (panel  B,  red  traces).  This  likely  reflects  activation  of  interneurons,  although  that  will 
need  to  be  evaluated  with  more  rats.  When  delivered  during  Expiration,  left  side  stimulation  could  only 
produce  an  evoked  potential  in  the  left  diaphragm  (panel  B,  blue  traces). 

Results  of  a  more  recent 
experiment  further  confirm  feasi¬ 
bility  and  provide  an  initial  demon¬ 
stration  for  cervical  ISMS  serving  to 
restore  hemidiaphragm  function 
ipsilateral  to  an  acute  C2Hx  (Fig. 

17).  In  that  study,  contralateral 


EMG  activity  was  used  to  trigger  ISMS  (Fig.  17A)  thus 
approximating  a  closed-loop  system.  These  were  limited  trials  and 
thus  not  chronic  deliveries.  Accordingly,  we  are  not  yet  able  to 
conclude  anything  about  persistence  of  effect  as  others  have 
described  for  ISMS  and  forelimb  function  in  rats.  Nevertheless,  the 
feasibility  of  a  closed-loop  ISMS  approach  for  improving  breathing 
is  clearly  indicated.  We  are  currently  pursuing  ISMS  in  animals 
with  subacute  C2Hx  (i.e.,  ~5-7d  post-injury).  Based  upon  our 
earlier  proof-of-concept  publication  (Mercier  et  al.,  2017),  the 
prediction  would  be  that  the  success  of  ISMS  in  an  acute  C2Hx 
(Fig.  1 7)  will  carry  over  to  the  more  chronic  lesion  condition.  Figure 
18  confirms  that  supposition  (see  legend  for  details). 

We  are  now  in  the  process  of  instrumenting  a  larger-scale 
study  under  recently  obtain  private  funding  in  which  chronic 
stimulation  and  its  effect  on  neuronal  plasticity  in  the  phrenic  circuit 
will  be  investigated  as  part  of  a  program  looking  at  ISMS  coupled 
with  neural  tissue  transplantation. 
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Figure  18.  Ipsilateral  diaphragm  motor 
evoked  potentials  following  ISMS 
stimulation  via  five  different  spinal 
electrodes  in  a  rat  with  a  C2Hx  made 
one  week  prior  to  implantation  of  the 
spinal  electrode  array.  Stimulus 
intensity  =  200uA.  Morning  recordings 
(blue),  evening  (red).  Responses  are 
seen  on  four  of  the  five  channels  with 
repeated  morning/evening  stimula¬ 
tions. 
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Figure  17.  ISMS  restoration  of  hemidiaphragm  function  in  an  acute 
C2Hx  rat.  Panel  A  shows  spike-triggered  averaged  (StTA) 
contralateral  and  ipsilateral  diaphragm  EMG  waveforms  to  illustrate 
ipsilateral  activity  being  triggered  in  relation  to  natural  EMG  activity  on 
the  contralateral  (spinal-intact)  side.  Blue  lines  at  0  indicate  ISMS 
(200uA)  delivery  in  register  with  spared  respiratory  activity.  Thus,  a 
defined  action  potential  can  be  seen  ipsilaterally  after  stimulus  delivery 
via  the  Neurochip.  Panel  B  shows  recordings  of  contra-  and  ipsilateral 
diaphragm  activity.  Note  silence  of  the  diaphragm  when  no  stimulation 
is  being  delivered. 
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What  opportunities  for  training  and  professional  development  has  the  project  provided? 


Training.  Portions  of  this  project  involved  close  training  interactions  between  Drs.  David  Baekey  and 
Kristi  Streeter  (Post-Doctoral  Fellow)  through  which  Dr.  Streeter  gained  additional  experience  in 
respiratory  neurophysiology  and  multi-electrode  array  recordings  (Dr.  Baekey’s  expertise).  Ms.  Lynne 
Mercier,  a  fourth  year  graduate  student  during  this  project,  also  worked  under  the  guidance  of  Drs. 
Baekey  and  Fuller  and  gained  respiratory  neurobiology  and  electrophysiology  experience.  She  is  now 
training  at  Emory  University  in  the  Nurse  Anesthesiology  program. 

Mr.  Michael  Sunshine  (previously  Univ.  Washington  in  Dr.  Moritz’s  laboratory)  visited  the  Gainesville 
campus  and  learned  new  surgical  procedures  and  was  interacting  closely  on  experimental  design  with 
Drs.  Fuller  and  Moritz.  He  is  now  in  the  Fuller  laboratory  at  the  University  of  Florida  and  enrolled  in  the 
Physical  Therapy  graduate  program. 

Professional  Development.  Drs.  Streeter  and  Mercier  participated  in  several  national  meetings  where 
they  presented  posters  related  to  the  DoD  effort  described  above. 

How  were  the  results  disseminated  to  communities  of  interest? 

Nothing  to  Report. 

What  do  you  plan  to  do  during  the  next  reporting  period  to  accomplish  the  goals? 

Nothing  to  Report  as  this  is  the  Final  Report 


4.  IMPACT: 

What  was  the  impact  on  the  development  of  the  principal  discipline(s)  of  the  project? 

Spinal  cord  stimulation  (SCS)  has  been  extensively  investigated  and  applied  for  purposes  of 
improving  bladder  function  and  modulating  spasticity,  as  well  as  pain,  following  SCI.  However,  SCS  has 
become  an  approach  of  increasing  interest  in  recent  years  based  on  animal  and  human  studies 
demonstrating  that  SCS  can  facilitate  volitionally-initiated  movements  in  SCI  subjects  classified  as  AIS  A 
(i.e.,  motor  and  sensory  complete).  Epidural  and  more  recently,  percutaneous,  stimulation  of  the  spinal 
cord  have  attracted  considerable  attention  based  on  the  minimally  or  virtually  non-invasive  nature  of  the 
approaches,  respectively.  On  the  other  hand,  more  invasive  ISMS  currently  offers  other  advantages 
including  a  tight  temporal  precision  of  stimulus  delivery.  Whether  one  approach  is  universally  or 
conditionally  better  than  the  other  remains  to  be  determined  as  much  remains  to  be  learned  about  the 
logistics  and  mechanisms  associated  with  SCS. 

High-frequency,  epidural  SCS  (HF-SCS)  has  been  investigated  for  improving  respiratory  function  via 
the  activation  of  intercostal  muscles.  This  method  also  may  provide  alternatives  to  diaphragm  pacing, 
although  separate  electrodes  for  intercostal  and  diaphragm  activation  would  be  required.  Beyond  those 
studies  (see  appended  Sunshine  et  al.,  In  Press  for  references),  relatively  little  effort  has  been  given  to 
concerted  investigations  of  SCS  for  improving  respiratory  function  and  plasticity.  In  that  regard,  the 
studies  described  above  have  broken  new  ground  with  respect  to  the  feasibility  and  potential  of  ISMS  for 
promoting  improved  diaphragm  function.  In  addition,  one  of  the  major  issues  related  to  SCS  is  what  is 
the  substrate  actually  being  stimulated.  The  work  undertaken  by  the  University  of  Florida  and  the 
University  of  Washington  has  led  to  fundamental  insights  that  will  likely  lead  to  future  mechanistic 
investigations. 

We  showed  via  an  initial  proof-of-concept  study  the  feasibility  of  using  intraspinal  microstimulation 
(ISMS)  of  the  cervical  spinal  cord  to  evoke  diaphragm  activity  ipsilateral  to  acute  and  subacute 
hemisection  of  the  upper  cervical  spinal  cord  of  the  rat.  Accordingly,  we  demonstrated  the  efficacy  of 
diaphragm  activation,  using  an  upper  airway  respiratory  EMG  signal  to  trigger  ISMS  at  the  level  of  the 
ipsilesional  phrenic  nucleus  during  acute  and  advanced  post-injury  intervals.  This  opens  the  possibility 
of  using  spared,  accessory  respiratory  function  to  trigger  ISMS  in  a  more  appropriate  physiological  way 
even  in  a  severely  injured,  cervical  SCI  individual.  That  approach  may  also  be  employed  to  complement 
HF-SCS  approaches.  The  feasibility  and  efficacy  of  ISMS  for  respiration  also  has  been  independently 
replicated  at  the  University  of  Washington  via  this  award’s  subcontract.  Our  proof-of-concept  findings 
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have  now  begun  to  move  forward  in  application  to  non-anesthetized,  freely-behaving  rats  with  acute  and 
subacute  C2Hx  injuries. 

As  mentioned,  a  central  issue  related  to  any  form  of  ISMS  is  what  is  the  nature  of  the  neural  substrate 
being  stimulated?  Considerable  independent  efforts  were  devoted  to  this  question  at  the  Universities  of 
Florida  and  Washington.  We  first  described  a  method  that  reliably  identified  the  locations  of  multielectrode 
array  (MEA)  recording  sites  while  preserving  the  surrounding  tissue  for  immunohistochemistry.  To  our 
knowledge,  this  is  the  first  cost-effective  method  to  identify  the  anatomical  locations  of  neuronal 
ensembles  recorded  with  a  MEA  during  acute  preparations  without  the  requirement  of  specialized  array 
electrodes.  In  addition,  evaluation  of  activity  recorded  from  silver-labeled  sites  revealed  a  previously 
unappreciated  degree  of  connectivity  between  mid-cervical  interneurons.  We  followed  this  up  at  the 
University  of  Florida  with  a  more  detailed  mapping  study  that  implicated  cervical  interneurons  (C-lns)  as 
candidates  for  ISMS-induced  modulators  of  phrenic  motoneuron  activity  impacting  on  diaphragm 
function.  Even  more  importantly,  we  found  that  recruitment  of  C-INs  can  be  achieved  with  acute 
intermittent  hypoxia  thereby  introducing  the  possibility  of  combining  a  rehabilitation  approach  with  ISMS. 
To  our  knowledge,  this  is  the  first  demonstration  that  AIH  induces  plasticity  within  a  propriospinal  network 
that  appears  to  impact  upon  respiratory  function. 

These  findings  were  expanded  upon  by  our  colleagues  at  the  University  of  Washington  who 
conducted  the  first  comprehensive  mapping  of  ISMS  locations  in  the  cervical  and  high  thoracic  spinal 
cord  contributing  to  evoked  respiratory  muscle  responses.  Their  findings  first  demonstrate  that  respiratory 
phase  is  a  fundamentally  important  consideration  when  designing  ISMS  protocols  and  suggest  ISMS- 
induced  activation  of  polysynaptic  spinal  pathways  can  effectively  recruit  inspiratory  muscles.  Also 
consistent  with  polysynaptic  (i.e.,  interneuronal)  pathway  activation  was  that  diaphragm  activation  was  a 
long-latency  response.  Collectively,  our  combined  findings  point  to  ISMS  having  impact  on  a  complex 
interneuronal  circuitry  that  ultimately  affects  the  phrenic  circuit  leading  to  diaphragm  activation.  Future 
use  of  phase-dependent  ISMS  to  activate  respiratory  circuits  in  a  synergistic  and  context-dependent 
manner  may  provide  functional  activation  of  respiratory  muscles  and  aid  in  ventilator  weaning. 

In  view  of  various  R&D  elements  of  this  project,  a  detailed  comparison  of  epidural  SCS  vs.  ISMS  was 
beyond  the  scope  of  the  work  proposed  and  budget.  Also,  such  was  not  a  central  goal  of  what  was 
proposed.  Nevertheless,  we  did  find  in  one  of  our  published  studies  that  HF-SCS  had  some  potential  for 
inducing  short-term  potentiation  analogous  to  what  we  saw  with  ISMS;  however,  that  approach  also 
resulted  in  increased  tonic  phrenic  motoneuron  excitability  which  would  have  adverse  impact  on 
respiratory  muscle  activation. 

What  was  the  impact  on  other  disciplines? 

Nothing  to  Report 

What  was  the  impact  on  technology  transfer? 

Nothing  to  Report 

What  was  the  impact  on  society  beyond  science  and  technology? 

Nothing  to  Report 


5.  CHANGES  /  PROBLEMS 

The  most  significant  change  was  removing  the  contusion  injury  model  and  replacing  it  with  the  C2Flx 
lesion.  That  modification,  however,  was  done  prior  to  initiation  of  the  project  and  with  CMRP  approval. 
The  major  problem  with  completion  of  Aim  2  centered  largely  on  personnel  availability  and  the  labor- 
intensive  nature  of  the  approach.  During  the  course  of  this  project,  the  UF  laboratory  (Dr.  Reier) 
underwent  multiple  changes  in  technical  staff.  In  addition,  use  of  the  Neurochip  interface  required 
significantly  more  expertise  than  envisioned  initially.  The  addition  of  Mr.  Michael  Sunshine  later  in  this 
project  facilitated  the  early  data  presented  for  ISMS  in  awake  animals.  Fie  originally  worked  as  a 
technician  in  Dr.  Chet  Moritz’s  lab  and  has  considerable  experience  with  the  surgery  required  and  use  of 
the  Neurochip  interface.  FHis  ability  to  devote  more  time  to  this  project  was  limited  by  coursework  and 
other  considerations  related  to  his  graduate  student  status. 
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6.  PRODUCTS: 

Nothing  to  Report 

Publications,  conference  papers,  and  presentations 
Journal  publications. 

Mercier  LM,  Gonzalez-Rothi  EJ,  Streeter  KA,  Posgai  SS,  Poirier  AS,  Fuller  DD,  Reier  PJ,  and  Baekey  DM. 
Intraspinal  microstimulation  and  diaphragm  activation  after  cervical  spinal  cord  injury.  J  Neurophysiol  117 
(20 1 7) :  767-776.  Federal  Support  Acknowledged 

Streeter  KA,  Sunshine  MD,  Patel  SR,  Liddell  SS,  Denholtz  LE,  Reier  PJ,  Fuller  DD,  and  Baekey  DM.  Coupling 
multielectrode  array  recordings  with  silver  labeling  of  recording  sites  to  study  cervical  spinal  network 
connectivity.  J  Neurophysiol  117  { 2017a):  1014-1029.  Federal  Support  Acknowledged 

Gonzalez-Rothi  EJ,  Streeter  KA,  Hanna  MH,  Stamas  AC,  Reier  PJ,  Baekey  DM,  and  Fuller  DD.  High 
frequency  epidural  stimulation  across  the  respiratory  cycle  evokes  phrenic  short-term  potentiation  after 
incomplete  cervical  spinal  cord  injury.  J  Neurophysiol  jn  00913  02016  (201 7).  Federal  Support  Acknowledged 

Streeter  KA,  Sunshine  MD,  Patel  S,  Gonzalez-Rothi  EJ,  Reier  PJ,  Baekey  DM,  and  Fuller  DD. 

Intermittent  Hypoxia  Enhances  Functional  Connectivity  of  Midcervical  Spinal  Interneurons.  J 
Neurosci  37  (2017b):  8349-8362.  Federal  Support  Acknowledged 

Sunshine, M.D.,  Ganji,C.N.,  Reier,  P.J.,  Fuller,  D.D.,  Moritz,  C.T.  Intraspinal  microstimulation  for  respiratory 
muscle  activation.  Exp.  Neurol.  (In  Press).  Federal  Support  Acknowledged 


Books  or  other  non-periodical,  one-time  publications. 

None 

7.  PARTICIPANTS  &  OTHER  COLLABORATING  ORGANIZATIONS 
What  individuals  have  worked  on  the  project? 

Name:  Paul  J.  Reier,  Ph.D. 

Project  Role:  Principal  Investigator 
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on  technical  matters  and,  along  with  Dr.  Reier,  developed  experimental  designs  and  was 
intimately  associated  with  manuscript  preparations. 
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Table  1 

Major  Task 

Current  Status 

Publication(s) 

Explanation 

#1:  To  determine  chronic  changes  in  neuronal  discharge  patterns 
within  the  phrenic  circuit  region  following  a  C2  hemisection 
(C2Hx)  lesion. 

Partially  Completed 

Streeter  et  al.,  2017a,  b 

Sunshine  et  al.,  in  press 

The  paper  was  based  on  normal,  spinal-intact  animals.  The  data  for  comparison  with  chronic 
injuries  has  been  collected  and  is  undergoing  analysis. 

#2:  Terminal  electrophysiological  comparison  of  epidural  and 

ISMS  stimulation  on  activation  of  the  phrenic  motor  circuit  after 
chronic  C2Hx  (one  month  post-SCI). 

Completed 

Mercier  et  al.,  2017 

Gonzalez-Rothi  et  al.,  2017 

We  did  not  make  a  head-to-head  comparison  based  on  budgetary  and  personnel 
considerations.  However,  the  results  of  the  two  papers  indicated  more  promise  for  ISMS. 

#3:  Analysis  of  Tissue  Responses  to  microwire  implantation. 

Not  Completed 

Made  more  sense  to  do  this  after  chronic  stimulation  (SOW  #10).  Some  initial  results  of 
inactive  wire  implants  were  presented  in  an  earlier  Progress  Report.  However,  we  got  better 
with  introducing  microwires  over  time. 

#4:  Prepare  for  respiratory  studies. 

Completed  by  Univ.  Wash, 
researchers 

#5:  Conduct  Phase  1  of  closed-loop  intraspinal  stimulation  of 
PhMNs  (phrenic  motoneurons)  after  C2Hx.  Contralateral 
diaphragm  EMG  triggers  ISMS  of  PhMNs. 

Partially  Completed;  Study 
still  in  progress  at  Univ. 
Wash. 

Personnel  changes  at  Univ. 

Washington  affected  progress 

#6:  University  of  Florida  replication  of  closed-loop/C2Hx  (con¬ 
tralateral  diaphragm  triggered  stimulus)  results  at  U.W.  and 
comparison  with  epidural  stimulation. 

Not  Completed 

Dependent  on  SOW  #6  which  is  still  ongoing.  Comparison  with  epidural  is  not  relevant  as  each 
may  be  more  suited  to  some  conditions  than  another. 

#7:  Conduct  Phase  II  of  closed-loop  intraspinal 
stimulation  of  PhMNs.  Contralateral  intercostal  EMG  triggers 

ISMS  of  PhMNs. 

Completed 

Mercier  et  al.,  2017 

For  this  SOW  item,  we  used  the  hypoglossal  nerve  as  the  source  of  the  EMG  trigger  for 
technical  reasons.  The  principle  is  the  same  since  hypoglossal  nerve  activity  also  is  in  relative 
synchrony  with  diaphragm  activity. 

#8:  Conduct  Open-loop  intraspinal  stimulation  of  PhMNs. 

Average  respiratory  activity  recorded  in  Phase  1  &  II  triggers 

ISMS. 

Partially  completed 

Sunshine  et  al.,  In  Press 

All  subtasks  of  this  SOW  Item  could  not  be  completed  as  stated  due  to  personnel  changes  at 
the  Univ.  Washington.  However,  the  main  objective  was  achieved  in  that  we  determined  ISMS 
efficacy  was  dependent  upon  respiratory  phase  in  spinal-intact  animals.  Such  information  is 
vital  to  SOW  Item  10. 

#9:  Conduct  Phase  III  of  closed-loop  intraspinal  stimulation  of 
PhMNs.  Repeat  most  promising  closed-loop  method  (Diaphragm 
or  intercostal  triggered  ISMS)  using  the  C2Hx  model. 

Not  completed,  but  in 
progress 

The  progression  of  work  on  this  project  was  such  that  UF  took  the  lead  in  first  demonstrating 
proof-of-concept  for  ISMS  impact  on  respiration  (SOW  #2).  Dr.  Moritz's  lab  at  the  Univ. 
Washington  has  preliminary  data  replicating  the  UF  results.  Work  is  continuing  to  expand  on 
those  initial  findings. 

#10:  U.F.  replication  of  most  efficacious  closed-  or  open-loop 

ISMS  treatment  in  rats  with  chronic  C2Hx. 

Not  completed 

This  part  of  the  SOW  involves  a  challenging  technical  approach  in  order  to  provide  chronic 
ISMS  to  spinal-injured  animals.  Personnel  to  carry  this  out  did  not  become  available  until  late  in 
the  funding  period,  and  considerable  efforts  were  required  to  become  fully  instrumented  to 
perform  these  studies.  Preliminary  data  are  shown  in  the  final  report  demonstrating  we  are  not 
in  a  closer  position  to  perform  these  studies  which  will  be  continued  under  other  funding 
mechanisms.  However,  initial  publications  will  cite  CDMRP  funding. 

#11:  Neuroanatomical  studies  to  on  closed-loop  and  open- 
loop  ISMS  treated  rats. 

Not  completed 

Studies  dependent  on  SOW  10  and  will  be  done  under  new  funding  mechanisms. 

Table  1.  Note  that  C3-4  contusions  stated  in  the  original  SOW  text  has  been  replaced  by  the  C2Hx  injury  per  approval  prior  to  the  initiation  of  this  project. 
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Mercier  LM,  Gonzalez-Rothi  EJ,  Streeter  KA,  Posgai  SS, 
Poirier  AS,  Fuller  DD,  Reier  PJ,  Baekey  DM.  Intraspinal  micro¬ 
stimulation  and  diaphragm  activation  after  cervical  spinal  cord  injury. 
J  Neurophysiol  117:  767-776,  2017.  First  published  November  23, 
2016;  doi:10.1152/jn.00721.2016. — Intraspinal  microstimulation  (ISMS) 
using  implanted  electrodes  can  evoke  locomotor  movements  after 
spinal  cord  injury  (SCI)  but  has  not  been  explored  in  the  context  of 
respiratory  motor  output.  An  advantage  over  epidural  and  direct 
muscle  stimulation  is  the  potential  of  ISMS  to  selectively  stimulate 
components  of  the  spinal  respiratory  network.  The  present  study 
tested  the  hypothesis  that  medullary  respiratory  activity  could  be  used 
to  trigger  midcervical  ISMS  and  diaphragm  motor  unit  activation  in 
rats  with  cervical  SCI.  Studies  were  conducted  after  acute  (hours)  and 
subacute  (5-21  days)  C2  hemisection  (C2Hx)  injury  in  adult  rats. 
Inspiratory  bursting  in  the  genioglossus  (tongue)  muscle  was  used  to 
trigger  a  250-ms  train  stimulus  (100  Hz,  100-200  /xA)  to  the  ventral 
C4  spinal  cord,  targeting  the  phrenic  motor  nucleus.  After  both  acute 
and  subacute  injury,  genioglossus  EMG  activity  effectively  triggered 
ISMS  and  activated  diaphragm  motor  units  during  the  inspiratory 
phase.  The  ISMS  paradigm  also  evoked  short-term  potentiation  of 
spontaneous  inspiratory  activity  in  the  previously  paralyzed  hemidi- 
aphragm  (i.e.,  bursting  persisting  beyond  the  stimulus  period)  in 
—70%  of  the  C2Hx  animals.  We  conclude  that  medullary  inspiratory 
output  can  be  used  to  trigger  cervical  ISMS  and  diaphragm  activity 
after  SCI.  Further  refinement  of  this  method  may  enable  “closed-loop- 
like”  ISMS  approaches  to  sustain  ventilation  after  severe  SCI. 

NEW  &  NOTEWORTHY  We  examined  the  feasibility  of  using 
intraspinal  microstimulation  (ISMS)  of  the  cervical  spinal  cord  to 
evoke  diaphragm  activity  ipsilateral  to  acute  and  subacute  hemisec¬ 
tion  of  the  upper  cervical  spinal  cord  of  the  rat.  This  proof-of-concept 
study  demonstrated  the  efficacy  of  diaphragm  activation,  using  an 
upper  airway  respiratory  EMG  signal  to  trigger  ISMS  at  the  level  of 
the  ipsilesional  phrenic  nucleus  during  acute  and  advanced  postinjury 
intervals. 

phrenic  motor  nucleus;  rat;  respiration;  hypoglossal  respiratory  activ¬ 
ity;  diaphragm  function 


severe  respiratory  compromise  often  occurs  after  spinal  cord 
injury  (SCI)  at  upper  cervical  to  midcervical  spinal  levels 
(Mansel  and  Norman  1990;  Winslow  and  Rozovsky  2003). 
When  independent  breathing  is  not  possible,  positive-pressure 
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mechanical  ventilation  is  often  used  to  sustain  alveolar  venti¬ 
lation,  but  at  the  risk  of  potentially  rapid  diaphragm  atrophy, 
atelectasis,  and  respiratory  tract  infections  (Bezzant  and 
Mortensen  1994;  Laghi  et  al.  2003;  Smuder  et  al.  2016). 
Diaphragm  and  phrenic  nerve  pacing  options  are  clinically 
available  (DiMarco  et  al.  2005;  Glenn  and  Phelps  1985; 
Onders  et  al.  2009),  and  recent  preclinical  work  has  begun 
exploring  high-frequency  epidural  stimulation  of  the  spinal 
cord  to  activate  the  diaphragm  (DiMarco  and  Kowalski  2013, 
2015;  Kowalski  et  al.  2013). 

Another  approach  that  may  effectively  activate  respiratory 
muscles  after  SCI  is  intraspinal  microstimulation  (ISMS).  Im¬ 
plementation  of  this  method  in  motor  systems  has  been  dem¬ 
onstrated  (Giszter  2015;  Kasten  et  al.  2013;  McPherson  et  al. 
2015;  Tator  et  al.  2012),  but  applications  to  respiratory  motor 
output  after  cervical  SCI  have  not  been  investigated.  Potential 
advantages  of  ISMS  include  the  ability  to  deliver  currents  over 
a  relatively  wide  range  of  intensities  and  with  high  selectivity 
for  specific  motor  systems  (Mondello  et  al.  2015;  Mushahwar 
et  al.  2000;  Sunshine  et  al.  2013). 

The  present  study  was  therefore  designed  to  obtain  proof- 
of-concept  evidence  in  support  of  cervical  ISMS  as  a  means  of 
activating  diaphragm  motor  units  after  cervical  SCI.  To  move 
toward  a  “closed-loop-like”  design  for  ISMS,  we  recorded  the 
inspiratory  output  of  an  upper  airway  muscle  (the  genioglos¬ 
sus,  innervated  by  cranial  nerve  XII)  and  used  that  signal  to 
trigger  stimulation.  Thus  cervical  ISMS  was  activated  by 
endogenous  inspiratory  drive.  The  data  show  that  a  physiolog¬ 
ically  relevant  medullary  inspiratory  output  can  be  used  to 
trigger  cervical  ISMS  and  that  this  approach  can  effectively 
activate  diaphragm  motor  units  after  acute  and  subacute  SCI. 

MATERIALS  AND  METHODS 

Thirteen  female  Sprague-Dawley  rats  (255  ±  16  g;  Harlan,  India¬ 
napolis,  IN)  were  distributed  between  two  experimental  groups:  1 ) 
ISMS  after  acute  SCI,  tested  before  and  immediately  after  lateral 
hemisection  of  the  spinal  cord  at  C2  (C2Hx)  ( n  =  8),  and  2)  ISMS 
after  subacute  SCI,  tested  5-21  days  after  C2Hx  ( n  =  5).  All  data 
were  collected  in  terminal  procedures  using  protocols  approved  by  the 
Institutional  Animal  Care  and  Use  Committee  at  the  University  of 
Florida  and  the  US  Army  Medical  Research  and  Materiel  Command 
Animal  Care  and  Use  Review  Office. 
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INTRASPINAL  STIMULATION  AND  RESPIRATION 


C2Hx  surgery.  For  survival  surgery,  rats  were  initially  anesthetized 
with  isoflurane  (3-5%  in  02)  in  a  closed  chamber  and  then  anesthesia 
was  maintained  via  nosecone  (1.5-3%  in  02).  A  dorsal  incision  was 
made  over  the  cervical  spine,  followed  by  a  C2  laminectomy  and 
durotomy.  For  acute  C2Hx,  resection  lesions  were  performed  with 
a  needle-blade  microknife  (Fine  Science  Tools,  Foster  City,  CA). 
Subacute  C2Hx  resection  lesions  were  made  with  microscissors 
and  fine  forceps  followed  by  gentle  aspiration  of  tissue  to  complete 
the  hemisection  (Fuller  et  al.  2008).  The  dura  and  overlying 
muscles  were  closed  and  lactated  Ringer  solution  (5  ml  sc)  and 
buprenorphine  were  administered  (0.03  mg/kg  sc.;  Hospira,  Lake 
Forest,  IL).  Postoperative  care  consisted  of  daily  lactated  Ringer 
solution  (5  ml/day  sc)  and  oral  nutritional  supplement  (1-3  ml/day; 
Nutrical,  Webster  Veterinary).  Buprenorphine  was  given  at  ~12-h 
intervals  for  2  days  after  surgery. 

General  neurophysiology  protocols.  Rats  were  anesthetized  as 
above.  Rectal  temperature  was  maintained  at  ~37.5°C  by  a  heating 
pad  (CWE,  Ardmore,  PA).  A  femoral  artery  was  catheterized  (PE-50) 
for  blood  pressure  measurements  (Statham  P-10EZ  pressure  trans¬ 
ducer,  CP122  AC/DC  strain  gauge  amplifier;  Grass  Instruments,  West 
Warwick,  RI)  and  arterial  blood  samples.  The  femoral  vein  of  the 
same  hindlimb  was  also  catheterized  (PE-50)  for  supplemental  fluid 
administration  and  conversion  from  isoflurane  to  urethane  anesthesia 
(1.7  g/kg  iv;  Sigma,  St.  Louis,  MO).  Animals  received  a  tracheotomy 
and  were  mechanically  ventilated  (50-65%  02,  balance  N2;  6-7 
ml/kg  volume;  70-72  bpm  frequency;  Harvard  Apparatus,  Holliston, 
MA)  throughout  the  experimental  procedures.  Since  spontaneously 
breathing  anesthetized  rats  can  rapidly  become  hypercapnic,  we 
elected  to  employ  mechanical  ventilation  for  these  initial  experiments 
in  order  to  keep  blood  gases  stable  and  remove  Pa 0i  and/or  PaC02 
fluctuations  as  confounding  variables. 

End-tidal  C02  (Capnogard  1265;  Respironics,  Wallingford,  CT) 
was  continuously  monitored,  and  arterial  blood  gases  (iSTATl;  Ab¬ 
bott,  Princeton,  NJ)  were  periodically  assessed  from  0.1 -ml  arterial 
samples.  On  the  basis  of  these  measures,  the  inspired  C02  content  was 
adjusted  to  maintain  PaC02  at  40  mmHg.  If  base  excess  was  greater 
than  —3  meq,  this  was  corrected  with  intravenous  administration  of 
sodium  bicarbonate  solution  [8.4%,  Hospira;  dose  (ml)  =  0.3 -weight 
(kg) -standard  base  excess]. 

Recordings  of  EMG  activity  from  respiratory-related  muscles  (i.e., 
diaphragm,  genioglossus,  and  intercostal)  and  an  off-target,  nonrespi- 
ratory  muscle  [i.e.,  extensor  carpi  radialis  longus  (ECR)]  were  ob¬ 
tained  with  pairs  of  Teflon-coated  tungsten  hooked  wires  (A-M 
Systems,  Sequim,  WA).  Recordings  of  the  genioglossus  muscle  were 
obtained  at  the  base  of  the  tongue  (Fuller  et  al.  1999;  Fuller  and 
Fregosi  2000)  and  exhibited  a  centrally  driven  inspiratory  rhythm  that 
was  used  to  trigger  ISMS.  For  intercostal  EMG  recordings,  a  small 
incision  lateral  to  the  sternum  was  made  at  the  T2  level  and  wires  were 
placed  1-1.5  cm  lateral  to  the  midline. 

The  spinal  cord  was  exposed  via  a  cervical  middorsal  incision 
followed  by  laminectomy  and  durotomy  from  C2  to  C5.  Raw  EMG 
signals  were  amplified  at  100-1  OK,  band-pass  filtered  at  100  Hz-10 
kHz  (A-M  Systems,  Carlsborg,  WA),  and,  in  the  case  of  the  genio¬ 
glossus  EMG  recording,  passed  through  a  moving  time  averager  (50 
ms  time  constant;  CWE,  Ardmore,  PA).  The  moving  time  average 
signal  was  used  to  trigger  the  stimulator  for  ISMS.  All  EMG  signals 
were  digitized  at  25  kHz  (CED  Power  1401)  and  recorded  (Spike2  v8; 
CED,  Cambridge,  UK)  to  a  PC  and  then  analyzed  off-line. 

ISMS  at  midcervical  spinal  cord.  A  tungsten  microwire  electrode 
(FHC,  Bowdoin,  ME)  was  mounted  in  a  stereotaxic  micromanipulator 
(David  Kopf  Instruments,  Tujunga,  CA).  The  micro  wire  had  a 
100-jxm  segment  at  the  tip  stripped  of  all  insulation.  The  electrode 
was  placed  above  the  C4  segment  with  the  dorsal  root  entry  zone  as 
the  lateral  anatomical  landmark.  Electrical  activity  was  initially  re¬ 
corded  via  the  stimulating  electrode  and  assessed  visually  with  Spike2 
software  and  audibly  with  an  AM8  Audio  Monitor  (Grass  Technolo¬ 
gies,  Quincy,  MA).  The  software  program  simultaneously  displayed 


the  inspiratory  diaphragm  EMG  recording;  these  procedures  enabled 
placement  of  the  stimulating  electrode  tip  in  proximity  to  inspiratory 
neurons  (i.e.,  targeting  phrenic  motoneurons).  Inspiratory  bursting 
was  absent  in  rats  with  subacute  C2Hx  injury.  Therefore,  a  stimulator 
and  constant-current  stimulus  isolation  unit  (S88X  and  SIU-C;  Grass 
Technologies,  Warwick,  RI)  were  used  to  deliver  single  pulses 
(0.3  ms  duration)  during  electrode  descent  with  gradually  decreasing 
currents  (200,  100,  50  jxA).  This  approach  allowed  us  to  determine  a 
location  for  ISMS  that  evoked  left  diaphragm  activation. 

Stimulation  of  the  spinal  cord  was  initiated  (triggered)  with  the 
EMG  signal  recorded  from  the  genioglossus  muscle.  Specifically,  a 
“threshold  crossing”  was  established  such  that  when  the  inspiratory 
integrated  EMG  burst  (50  ms  time  constant)  reached  a  preset  ampli¬ 
tude  the  spinal  cord  was  stimulated.  All  stimulations  during  the 
inspiratory  phase  were  made  at  the  onset  of  the  genioglossus  inspira¬ 
tory  burst,  while  stimulations  made  during  expiratory  periods  were 
accomplished  by  adding  a  400-ms  delay  to  the  trigger. 

Experimental  group  1:  ISMS  before  and  after  acute  C2Hx.  The 
genioglossus  EMG  signal  was  used  to  trigger  ISMS  during  two 
consecutive  inspiratory  cycles,  followed  by  ISMS  delivered  during 
two  consecutive  expiratory  cycles.  In  both  cases,  repeated  250-ms 
stimulus  trains  (200  /xA)  were  delivered  with  0.3  ms  pulse  duration 
and  100  Hz  stimulus  frequency.  Once  these  initial  stimulations  were 
complete,  ISMS  was  delivered  during  the  inspiratory  cycle  for  1  min. 
All  of  the  aforementioned  ISMS  was  done  with  the  spinal  cord  intact. 
After  C2Hx,  the  ISMS  protocol  was  repeated,  as  described  above. 
Subsequent  to  protocols  performed  with  spinal  cord  intact  or  after 
C2Hx,  an  additional  bout  of  ISMS  was  administered  after  neuromus¬ 
cular  blockade  via  intravenous  pancuronium  bromide  (2.5  mg/kg; 
Hospira)  to  confirm  unequivocally  that  the  evoked  activity  was  not 
contaminated  by  a  stimulus  artifact. 

Selection  of  stimulus  parameters.  Pilot  experiments  were  done  with 
a  manually  triggered,  open-loop  approach  in  spinal-intact  animals. 
Repeated  250-ms  trains  of  ISMS  were  targeted  to  the  left  phrenic 
motor  nucleus,  and  EMG  activity  was  recorded  in  both  hemidi- 
aphragms,  the  genioglossus,  and  ipsilateral  intercostal  and  forelimb 
(ECR)  muscles  (see,  e.g.,  Fig.  1).  A  range  of  stimulation  frequencies 
(50,  100,  200,  300  Hz)  and  currents  (50-200  /xA)  were  tested  to 
optimize  parameters  for  eliciting  compound  motor  unit  action  poten¬ 
tials  (MUAPs)  in  the  left  diaphragm.  Activation  of  the  ipsilateral 
hemidiaphragm  was  more  pronounced  when  100-Hz  stimulation  was 
used,  with  stimulation  frequencies  above  200  Hz  producing  large 
contractions  of  nonrespiratory  muscles.  Preliminary  experiments  also 
indicated  that  progressive  attenuation  of  ISMS -induced  phrenic 
MUAP  amplitude  occurred  during  sustained  stimulation  (e.g.,  1  min) 
at  200  Hz  but  not  at  lower  stimulus  frequencies  (50  Hz,  100  Hz).  In 
the  first  series  of  experiments,  a  stimulus  current  of  200  /xA  was  used 
to  activate  the  ipsilateral  diaphragm. 

Experimental  group  2:  ISMS  after  subacute  C2Hx.  The  intraspinal 
electrode  placement  was  determined  as  described  above.  Triggered 
ISMS  was  then  delivered  during  two  consecutive  expiratory  periods, 
followed  by  one  continuous  minute  of  stimulation  during  the  inspira¬ 
tory  phase.  In  both  cases,  a  continuous  250-ms  train  was  delivered 
with  0.3-ms  pulses  at  100  Hz  and  100  /x A.  Stimulations  also  were 
repeated  after  neuromuscular  blockade  as  described  above. 

Consistent  with  other  reports,  we  used  cessation  of  the  ipsilateral 
diaphragm  inspiratory  EMG  burst  and  histology  as  functional  and 
anatomical  verification,  respectively,  of  the  subacute  C2Hx  lesions 
(Goshgarian  1981).  After  the  electrophysiology  protocols,  the  animals 
were  perfused  with  saline  followed  by  4%  paraformaldehyde  (Sigma). 
The  cervical  spinal  cords  from  the  subacute  C2Hx  animals  were 
subsequently  harvested,  and  a  tissue  block  including  the  C2  region 
was  paraffin  embedded,  sectioned  (8  jam),  and  counterstained  with 
cresyl  violet. 

Biomechanical  impact  of  ISMS.  Changes  in  tracheal  pressure  were 
assessed  as  a  crude  indicator  of  the  biomechanical  impact  of  ISMS.  It 
should  be  noted,  however,  that  this  was  not  considered  to  be  a  primary 
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outcome  variable  but  rather  an  accessory  measurement  intended  to 
provide  some  insight  regarding  the  functional  impact  of  spinal  stim¬ 
ulation.  The  pressures  associated  with  lung  inflation  and  deflation 
were  measured  at  the  tracheal  cannula.  Measurements  were  taken 
continuously  and  used  to  compare  baseline  conditions  to  stimulation 
periods.  For  each  period  of  interest,  tracheal  pressure  deflections  for 
20  consecutive  breaths  were  averaged  and  presented  in  a  box  and 
whisker  plot  (SPSS;  IBM,  Armonk,  NY).  Passive  tracheal  pressure 
values  during  exhalation  were  obtained  in  each  preparation  after 
neuromuscular  blockade  and  thus  provided  a  baseline  measurement 
that  was  devoid  of  any  respiratory  contribution  from  the  animal  (for 
additional  details,  see  results). 

Data  acquisition  and  analyses.  For  the  first  group  of  experiments, 
results  from  the  spinal-intact  condition  were  compared  to  data 
collected  10  min  after  acute  C2Hx.  In  addition  to  the  evoked 
responses  (i.e.,  response  during  ISMS),  we  also  evaluated  the 
impact  of  the  ISMS  on  spontaneous  EMG  activity  (i.e.,  following 
the  period  of  stimulation).  To  assess  ISMS -entrained  activation  of 
motor  units,  the  EMG  signals  were  averaged  with  respect  to 
stimulus  pulses  within  each  trial.  The  resulting  stimulus-triggered 
average  (McPherson  et  al.  2015;  Moritz  et  al.  2007)  served  to 
minimize  activity  unrelated  to  ISMS.  The  resultant  waveform 
averages  represented  ISMS-entrained  MUAPs.  All  data  were  col¬ 


lected  with  a  CED  Spike2  data  acquisition  system  and  subse¬ 
quently  analyzed  with  Spike2  v8  software  on  a  standard  PC. 
Values  are  reported  as  means  ±  SD. 

Statistics.  A  one-way  repeated-measures  ANOVA  followed  by  the 
Tukey  post  hoc  test  (SigmaPlot;  Systat  Software,  San  Jose,  CA)  was 
used  to  compare  data  collected  during  baseline  vs.  ISMS.  Dependent 
variables  included  the  amplitude  of  MUAPs  and  spontaneous  EMG 
burst  amplitude,  blood  pressure,  tracheal  pressure,  heart  rate,  and 
blood  gas  data.  A  “detectability  index”  statistical  test  (Aertsen  and 
Gerstein  1985)  was  used  to  compare  ISMS-evoked  MUAP  amplitude 
to  background  activity  in  the  EMG  recordings.  We  used  the  modified 
version  of  this  test  with  a  more  stringent  value  of  D  >  3  to  prevent 
“false  positives”  (Meissen  and  Epping  1987). 

RESULTS 

ISMS  with  spinal  cord  intact.  A  representative  example  of 
triggered  cervical  ISMS  during  the  inspiratory  phase  is  pro¬ 
vided  in  Fig.  1.  Note  that  compound  MUAPs  in  the  left 
diaphragm  are  clearly  discernible  (Fig.  1C)  and  are  entrained  to 
each  stimulation  pulse  (e.g.,  Fig.  ID).  In  this  example,  the 
average  latency  between  stimulus  artifact  and  MUAP  peak  is 
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Fig.  1.  Cervical  ISMS  activates  the  ipsilateral  diaphragm  A:  schematic  diagram  illustrates  the  EMG  recording  sites  relative  to  the  placement  of  the  stimulating 
electrode  (S).  The  stimulating  electrode  was  placed  in  the  immediate  vicinity  of  the  phrenic  motor  nucleus,  and  ISMS  was  initiated  via  a  trigger  signal  based 
on  inspiratory  tongue  (genioglossus)  EMG  activity.  LI,  left  intercostal.  B:  pre-C2Hx  representative  EMG  recordings  from  the  genioglossus,  extensor  carpi  radialis 
(ECR),  and  both  sides  of  the  diaphragm  showing  baseline  (prestimulation)  activity  and  a  period  of  genioglossus-triggered  cervical  ISMS  (100  Hz,  200  p A;  0.3-ms 
pulse  duration,  250-ms  train  duration)  represented  by  a  gray  box  in  the  /tongue  trace.  C:  expanded  trace  of  the  EMG  recording  from  the  left  diaphragm  during 
the  period  of  ISMS  shows  each  stimulus  artifact,  indicated  by  asterisks,  and  each  subsequent  MUAP.  D :  overlay  of  each  elicited  MUAP,  aligned  by  the  stimulus 
artifact,  demonstrates  constant  latency  and  amplitude. 
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2.14  ±  0.05  ms,  which  is  consistent  with  a  synaptic  delay 
before  motor  unit  activation.  An  example  of  ISMS  delivered 
during  the  expiratory  phase  is  provided  in  Fig.  2.  In  the  absence 
of  spontaneous  inspiratory  EMG  activity,  it  can  be  appreciated 
that  ISMS  targeting  the  left  phrenic  motor  nucleus  evoked  a 
marked  response  in  both  the  ECR  and  diaphragm  but  had 
minimal  impact  on  the  left  tongue  or  right  diaphragm.  To 
confirm  that  the  very  small- amplitude  EMG  signals  in  the 
tongue,  diaphragm,  and  intercostals  represented  activation  of 
motor  units,  we  employed  a  previously  published  “detectability 
index”  for  evoked  potentials  (Aertsen  and  Gerstein  1985; 
Meissen  and  Epping  1987).  This  assessment  indicated  that 
ISMS  evoked  a  small  but  statistically  significant  increase  in 
entrained  and  averaged  EMG  activity  in  the  tongue  (5  of  8 
animals),  left  intercostal  (8  of  8  animals),  and  right  diaphragm 
(8  of  8  animals).  It  should  be  noted,  however,  that  the  ampli¬ 
tudes  of  these  off-target  evoked  potentials  were  modest  com¬ 
pared  with  those  of  the  left  diaphragm  and  ECR  muscles. 
Neuromuscular  blockade  eliminated  evoked  potentials,  as  ex¬ 
pected  (Fig.  2C). 

ISMS  after  high  cervical  SCI.  Experiments  were  performed 
immediately  after  C2Hx  (acute  injury)  and  also  in  rats  that 
were  5-21  days  post-C2Hx  (subacute  injury).  These  tempo¬ 


rally  advanced  lesion  experiments  were  performed  to  deter¬ 
mine  whether  degenerative  processes  triggered  by  C2Hx  (e.g., 
axonal  retraction)  prevented  or  mitigated  the  impact  of  ISMS 
on  diaphragm  activation.  The  general  experimental  paradigm  is 
illustrated  in  Fig.  3 A. 

In  the  acute  C2Hx  experiments,  diaphragm  MUAPs  were  first 
evaluated  with  the  spinal  cord  intact  (Fig.  3 B).  The  ISMS-evoked 
potentials  in  the  spinal-intact  condition  were  similar  to  those 
described  in  the  preceding  section.  Acute  C2Hx  abolished 
spontaneous  inspiratory  EMG  activity  in  the  ipsilateral  hemi- 
diaphragm  in  all  animals  (Fig.  3C).  However,  cervical  ISMS 
still  produced  clear  MUAPs  in  the  ipsilateral  diaphragm  after 
the  acute  lesion  (Fig.  3D).  Before  C2Hx,  the  average  latency 
from  stimulus  to  the  peak  of  the  MUAP  was  1.99  ±  0.25  ms. 
After  C2Hx  the  value  tended  to  be  reduced  (1.69  ±  0.57  ms), 
but  this  did  not  approach  statistical  significance  (P  = 
0.190).  In  seven  of  eight  experiments,  the  amplitude  of  the 
ISMS-evoked  MUAP  remained  relatively  consistent  after 
the  acute  C2Hx,  ranging  from  80%  to  124%  of  the  preinjury 
value,  with  a  mean  of  94  ±  15%  (P  =  0.065  vs.  pre-C2Hx). 
There  was  one  significant  outlier  rat  (confirmed  with 
Grubbs’  outlier  test,  P  <  0.05)  that  demonstrated  a  profound 
reduction  in  MUAP  amplitude  after  acute  C2Hx,  with 
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Fig.  2.  Examples  of  raw  EMG  activity  recorded 
in  the  tongue  (genioglossus),  forelimb  (ECR), 
and  the  left  and  right  hemidiaphragm  during 
ISMS.  A:  representative  examples  before 
C2Hx.  B:  stimulus-triggered  averages  of  EMG 
activity  show  prominent  MUAPs  in  the  fore¬ 
limb  and  ipsilateral  diaphragm.  C:  stimulus- 
triggered  averages  of  EMG  activity  after  neu¬ 
romuscular  blockade.  In  B  and  C,  the  stimulus 
artifact  is  highlighted  by  the  gray  boxes.  Stim¬ 
ulus-triggered  averages  were  scaled  to  the  same 
values  and  represent  25  stimulus  triggers.  In 
these  examples,  ISMS  was  delivered  at  100  Hz 
and  200  juA  during  expiration. 
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Fig.  3.  ISMS  after  acute  C2Hx.  A:  illustration  of  the  electrode  placement  relative  to  the  C2Hx  lesion.  The  solid  dark  bar  represents  the  injury  site;  the  dashed 
lines  represent  severed  pathways.  B :  examples  of  EMG  activity  in  the  right  and  left  diaphragm  before  C2Hx.  C:  examples  of  left  and  right  diaphragm  EMG 
activity  after  acute  C2Hx.  Note  that  activity  is  abolished  in  the  left  diaphragm.  In  B  and  C,  3  spontaneous  breaths  are  shown  followed  by  3  breaths  during  triggered 
cervical  ISMS  (solid  bars;  100  Hz,  200  pA).  D :  stimulus-triggered  averages  of  right  and  left  diaphragm  EMG  activity  obtained  from  the  period  of  ISMS 
highlighted  by  dashed  boxes  in  B  and  C.  Stimulus-triggered  averages  were  scaled  to  the  same  values  and  represent  25  stimulus  triggers.  In  D,  the  stimulus  artifact 
is  highlighted  by  the  gray  boxes. 


evoked  responses  reaching  only  8%  of  the  preinjury  ampli¬ 
tude.  If  that  particular  data  point  is  included  in  the  calcula¬ 
tion  of  the  overall  mean  the  values  after  acute  C2Hx  are 
83  ±  35%  of  the  preinjury  condition,  but  the  added  variance 
actually  produces  a  higher  P  value  (P  =  0.139  vs.  prein¬ 
jury).  Collectively,  the  data  are  consistent  with  a  slight 
reduction  in  cervical  ISMS-evoked  MUAP  amplitude  in 
most  animals  after  acute  C2Hx.  The  off-target  impact  of 
ISMS  after  C2Hx  (i.e.,  evoked  activity  in  ECR,  tongue,  and 
right  diaphragm)  was  indistinguishable  from  that  reported 
above  for  the  spinal-intact  condition  (data  not  shown). 

Tracheal  pressures  were  evaluated  to  explore  the  potential  of 
a  biomechanical  impact  of  ISMS -induced  muscle  contraction 
(Fig.  4,  A  and  B).  Negative  pressure  swings  in  tracheal  pressure 
would  be  expected  in  this  preparation  if  diaphragm  contraction 
is  altering  the  dimensions  of  the  thoracic  cavity.  In  the  spinal- 
intact  condition,  genioglossus-triggered  cervical  ISMS  caused 
a  significant  negative  deflection  in  tracheal  pressure  (P  =  0.02 
vs.  baseline;  Fig.  4 C),  as  expected.  The  acute  C2Hx  injury 
resulted  in  a  small,  but  statistically  significant,  change  in  the 
tracheal  pressures  that  were  recorded  during  ventilator-induced 
lung  inflation  (i.e.,  independent  of  ISMS;  P  =  0.028;  Fig.  4 C). 
After  acute  C2Hx,  ISMS  also  induced  a  change  in  tracheal 
pressure  (P  =  0.005  vs.  baseline),  thus  suggesting  a  biome¬ 
chanical  impact  of  the  stimulation.  However,  the  relative  mag¬ 
nitude  of  ISMS-induced  changes  in  tracheal  pressure  were 
attenuated  after  C2Hx  (P  =  0.038;  Fig.  AC). 


Spontaneous  ipsilateral  diaphragm  EMG  activity  was  ab¬ 
sent  in  rats  studied  5-21  days  after  C2Hx  (Fig.  5A),  and 
subsequent  histological  evaluation  of  the  spinal  cord  indi¬ 
cated  anatomically  complete  hemilesion  in  all  animals  (Fig. 
5 B).  The  ISMS  procedure  evoked  clearly  discernible 
MUAPs  in  the  ipsilateral  (paralyzed)  hemidiaphragm  (Fig. 
5C).  Compared  with  the  acute  injury  group,  the  only  appar¬ 
ent  difference  in  the  ISMS  responses  in  the  animals  with  the 
subacute  lesions  was  a  trend  for  more  variable  and  longer 
latencies.  On  average,  however,  there  were  no  statistical 
differences  between  the  groups  for  latency  (acute  C2Hx: 
1.69  ±  0.57  ms,  subacute  C2Hx:  2.50  ±  0.67  ms),  but  the 
increase  in  latency  in  the  subacute  group  was  close  to 
threshold  for  significance  (P  =  0.065).  The  MUAP  ampli¬ 
tude  was  variable,  but  with  no  evidence  for  a  difference 
between  the  two  groups  (acute  C2Hx:  1.62  ±  1.45  mV, 
subacute  C2Hx:  1.76  ±  2.65  mV,  P  =  0.833).  ISMS  caused 
the  expected  negative  deflection  in  tracheal  pressure  in  the 
subacute  C2Hx  animals,  thus  confirming  that  there  was  a 
biomechanical  impact  of  the  stimulation  (Fig.  5 D).  The 
off-target  muscle  activation  was  similar  to  what  was  ob¬ 
tained  in  the  spinal-intact  and  acute  C2Hx  animals.  Thus 
very  small  but  statistically  significant  changes  in  EMG 
activity  during  ISMS  were  detected  in  the  tongue  (4/5 
animals),  intercostal  (3/4  animals),  and  right  diaphragm  (4/5 
animals).  The  left  ECR  showed  greater  EMG  responses  in 
five  of  five  animals. 
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Fig.  4.  Impact  of  ISMS  on  tracheal  pressure.  A:  representative  examples  of  tracheal  pressure  and  left  diaphragm  EMG  activity  before  and  during  cervical  ISMS 
(100  Hz,  200  juA).  The  period  of  ISMS  is  indicated  by  the  solid  bars.  Note  the  negative  deflection  in  tracheal  pressure  during  ISMS.  B :  overlay  plot  further 
illustrates  the  tracheal  pressure  before  stimulation  (solid  line)  and  during  ISMS  (dashed  line).  C:  average  change  in  tracheal  pressure  during  lung  inflation  at 
prestimulation  baseline  and  during  ISMS.  Data  are  shown  for  the  spinal-intact  condition  (left)  and  after  acute  C2Hx  (right).  *P  <  0.05,  **P  <  0.005. 

Inspiratory -related  diaphragm  EMG  bursting  is  enhanced  tory-related  activity  during  and  after  the  1-min  period  of 
after  ISMS.  While  our  primary  intent  was  to  determine  whether  stimulation  (Fig.  6A).  In  these  experiments,  “activity”  was 

ISMS  evoked  diaphragm  activity  during  the  period  of  stimu-  defined  as  one  or  more  clearly  discernible  motor  unit  potentials 

lation,  we  noted  that  spontaneous  diaphragm  EMG  activity  that  were  discharging  phasically  during  the  inspiratory  period, 

often  was  present  after  the  stimulus  was  turned  off.  Thus,  in  six  The  duration  of  the  effect  was  variable  and  did  not  persist 

of  eight  animals  after  acute  C2Hx,  the  hemidiaphragm  that  was  beyond  2  min  in  any  experiment.  On  average,  ISMS-induced 
electrically  silent  before  ISMS  showed  both  tonic  and  inspira-  spontaneous  diaphragm  motor  unit  activity  lasted  for  43  ±  38 
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Fig.  5.  ISMS  after  subacute  C2Hx.  A:  repre¬ 
sentative  diaphragm  EMG  activity  after  sub¬ 
acute  C2Hx.  In  the  example  traces,  genio- 
glossus-triggered  ISMS  was  delivered  during 
the  breaths  marked  by  the  black  bars.  B: 
histological  section  of  the  C2  spinal  cord 
stained  with  cresyl  violet.  The  example  dem¬ 
onstrates  an  anatomically  complete  hemile- 
sion  extending  to  the  midline  of  cervical 
cord.  C:  stimulus-triggered  averages  from  the 
ipsilesional  (solid  line)  and  contralesional  di¬ 
aphragm  (dashed  line);  data  were  obtained 
from  the  period  indicated  by  the  dashed 
boxes  in  A.  These  traces  illustrate  activation 
of  the  diaphragm  ipsilateral  to  the  C2Hx 
lesion.  D :  average  change  in  tracheal  pres¬ 
sure  during  lung  inflation  at  prestimulation 
baseline  and  during  ISMS.  *R  <  0.05. 
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Fig.  6.  Example  recordings  illustrate  short¬ 
term  potentiation  of  ipsilateral  diaphragm 
EMG  activity  following  ISMS.  A:  tongue  and 
ipsilateral  (left)  diaphragm  EMG  activity  af¬ 
ter  acute  C2Hx,  during  ISMS,  and  immedi¬ 
ately  after  cessation  of  ISMS.  Note  that  clear 
phasic  (inspiratory)  activity  can  be  seen  after 
ISMS,  whereas  the  baseline  showed  no  such 
activity.  B:  a  similar  response  can  be  ob¬ 
served  in  a  subacute  C2Hx  animal.  In  these 
examples,  the  ISMS  was  triggered  by  the 
inspiratory  genioglossus  EMG  signal  and 
was  delivered  at  100  Hz  for  1  min  of  respi¬ 
ratory  efforts. 


respiratory  cycles  after  ISMS  was  terminated.  The  first  breath 
immediately  after  cessation  of  ISMS  typically  demonstrated 
the  greatest  amount  of  motor  unit  recruitment,  and  this  was 
followed  by  a  gradual  decrease  in  motor  unit  activity  over 
subsequent  respiratory  cycles.  In  addition,  we  noted  an  in¬ 
crease  in  tonic  activity  (i.e.,  activity  persisting  across  the  entire 
respiratory  cycle)  after  ISMS  that  followed  a  time  course 
similar  to  the  phasically  active  motor  units.  A  similar  response 
to  ISMS  was  observed  in  three  of  five  rats  after  subacute  C2Hx 
injury  (Fig.  6 B). 

DISCUSSION 

This  study  has  demonstrated  the  feasibility  of  using  endog¬ 
enous  medullary  output  to  trigger  ISMS  to  the  midcervical 
spinal  cord.  The  ISMS  paradigm  was  successful  in  recruiting 
diaphragm  motor  units  in  spinal-intact  animals  and  also  after 
both  acute  and  subacute  interruption  of  bulbospinal  inspiratory 
drive  to  the  phrenic  motoneuron  pool  following  high  cervical 
SCI.  Further  refinement  of  this  approach  may  enable  develop¬ 
ment  of  a  “respiratory  neuroprosthesis”  that,  by  virtue  of  the 
endogenous  trigger,  could  adapt  to  temporally  changing  met¬ 
abolic  demands. 

Endogenously  triggered  ISMS  induces  diaphragm  activation. 
The  approach  used  in  this  study  was  a  “closed-loop-like” 
strategy  for  activating  phrenic  motoneurons  in  the  cervical 
spinal  cord.  As  an  initial  proof  of  concept,  cervical  ISMS  was 
triggered  from  EMG  signals  recorded  from  the  base  of  the 
tongue.  Such  recordings  consist  largely  of  activity  from  the 


primary  tongue  protrudor  muscle,  the  genioglossus  (Fuller  et 
al.  1998).  Respiratory-related  activation  of  the  genioglossus 
occurs  in  humans  (Mateika  et  al.  1999;  Saboisky  et  al.  2007) 
and  animal  models  (Bailey  et  al.  2005;  Fregosi  and  Fuller 
1997)  and  acts  to  stiffen  and/or  dilate  the  oropharyngeal 
airway  and  thus  preserve  upper  airway  patency  during 
breathing.  The  respiratory-related  discharge  of  genioglossus 
motor  units  increases  during  chemoreceptor  stimulation  in  a 
manner  similar  to  respiratory  pump  muscles  such  as  the 
diaphragm  (Bailey  2011;  Fuller  et  al.  1998).  Genioglossus 
and  tongue  muscle  output  is  also  subject  to  vagal  modula¬ 
tion,  with  progressive  inhibition  occurring  as  the  lung  inflates 
(Bailey  et  al.  2001;  Fukuda  and  Honda  1982).  Collectively,  the 
literature  establishes  that  a  complex  but  coordinated  interaction 
between  the  genioglossus  and  the  respiratory  pump  muscles  is 
important  for  optimizing  airway  resistance  across  the  respi¬ 
ratory  cycle  and  maintaining  upper  airway  patency.  For  the 
present  study,  the  most  salient  point  is  that  an  inspiratory 
signal  was  recorded  from  the  genioglossus  that  provided  a 
marker  for  the  endogenous  respiratory  rhythm.  Thus  the 
animals’  own  “decision  to  breathe”  triggered  the  cervical 
ISMS. 

The  genioglossus  EMG-triggered  cervical  ISMS  approach 
resulted  in  diaphragm  motor  unit  activation  after  both  acute 
(i.e.,  minutes)  and  subacute  (i.e.,  days-weeks)  C2Hx  injury.  It 
was  important  to  repeat  the  studies  under  these  advanced  lesion 
settings  because  severed  descending  pathways  have  not  under¬ 
gone  degeneration  after  acute  injury  and  therefore  could  still  be 
capable  of  conducting  action  potentials  during  stimulation 
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(Gandevia  and  Kirkwood  2011;  Kowalski  et  al.  2013)  as  seen 
in  other  experimental  conditions  (Moldovan  et  al.  2009).  In¬ 
deed,  the  latencies  of  the  diaphragm  MUAPs  in  the  acute 
condition  (i.e.,  >1.6  ms)  were  not  consistent  with  direct 
phrenic  motoneuron  activation,  and  therefore  it  is  likely  that 
synaptic  inputs  to  the  phrenic  motoneuron  pool  were  being 
activated  via  ISMS.  Accordingly,  it  was  uncertain  if  the  ISMS 
approach  would  be  effective  at  later  C2Hx  postinjury  intervals 
when  degeneration  of  severed  bulbospinal  respiratory  axons 
would  be  well  underway.  The  results  showed  that  diaphragm 
MUAPs  could  still  be  effectively  evoked  after  subacute  injury 
but  with  a  trend  toward  longer  and  more  variable  diaphragm 
MUAP  latencies  compared  with  acute  C2Hx  animals.  In  addi¬ 
tion,  the  biomechanical  impact  of  the  ISMS  (indirectly  inferred 
from  changes  in  tracheal  pressure)  also  appeared  to  be  reduced 
after  subacute  vs.  acute  injury.  Refinement  of  the  ISMS  method 
to  enable  direct  phrenic  motoneuron  stimulation  will  likely  be 
necessary  to  optimize  diaphragm  activation  after  long-term 
cervical  SCI. 

An  interesting  and  potentially  important  observation  that 
was  not  part  of  our  original  hypothesis  was  that  ISMS -induced 
inspiratory  bursting  in  the  hemiparetic  diaphragm  persisted  for 
several  respiratory  cycles  after  cessation  of  the  stimulation. 
This  occurred  in  the  majority  of  acute  and  subacute  C2Hx 
lesions  and  is  similar  to  the  previously  described  phenomenon 
of  respiratory  short-term  potentiation  (STP)  (Lee  et  al.  2015). 
Exposure  to  brief  periods  of  reduced  oxygen  (hypoxia)  triggers 
phrenic  STP,  which  is  manifested  as  a  progressive  enhance¬ 
ment  of  activity  followed  by  a  slow  decline  to  baseline  levels 
after  removal  of  the  hypoxic  stimulus  (Lee  et  al.  2009;  Powell 
et  al.  1998).  We  previously  demonstrated  that  hypoxia  can 
induce  STP  of  phrenic  motor  output  in  rats  with  subacute 
C2Hx,  and  the  response  is  greater  in  the  nerve  ipsilateral  vs. 
contralateral  to  the  lesion  (Lee  et  al.  2015).  The  STP  in  C2Hx 
rats  appeared  to  reflect  recruitment  of  a  population  of  phrenic 
motoneurons  that  had  been  silenced  by  injury,  which  continued 
to  burst  beyond  the  period  of  hypoxic  stimulation.  It  may  be 
that  ISMS  can  trigger  similar  STP-like  mechanisms  of  short¬ 
term  plasticity  and  ultimately  have  value  in  the  context  of 
neurorehabilitation.  This  increased  phrenic  bursting  after  ces¬ 
sation  of  ISMS  also  may  be  analogous  to  longer-duration 
functional  recoveries  others  have  observed  with  chronic  ISMS 
in  other  motor  systems  (Kasten  et  al.  2013;  McPherson  et  al. 
2015). 

Methodological  caveats  including  off-target  effects  of  cervi¬ 
cal  ISMS.  The  method  described  here  is  not  truly  a  “closed- 
loop”  system  because  the  ISMS  intensity  did  not  vary  with  the 
relative  strength  of  endogenous  “respiratory  drive.”  Varying 
the  stimulus  intensity  or  duration  in  proportion  to  the  relative 
magnitude  of  the  EMG  burst  used  to  trigger  ISMS  (vs.  a  simple 
“onset  trigger”)  could  potentially  address  that  issue,  but  this 
could  also  prove  problematic  since  ISMS  needs  to  occur  at  the 
onset  (vs.  peak)  of  the  inspiratory  effort.  Another  caveat  is  that 
rats  were  mechanically  ventilated  because  in  our  experience 
spontaneously  breathing  and  anesthetized  rats  rapidly  develop 
arterial  hypercapnia  and  respiratory  acidosis.  However,  me¬ 
chanical  ventilation  will  impact  endogenous  respiratory  drive 
and  thereby  alter  the  interactions  between  spontaneous  and 
ISMS  input  to  the  phrenic  region.  It  should  also  be  noted  that 
tongue  EMG  activity  is  unlikely  to  provide  an  effective  ISMS 
trigger  signal  in  the  vagally  intact  and  spontaneously  breathing 


rodent  or  human.  It  is  possible  to  record  inspiratory-related 
discharge  from  the  tongue  muscles  in  the  awake  human  and 
rodent,  but  available  data  indicate  that  tongue  EMG  may  not 
provide  a  consistent  inspiratory  trigger  signal  (Bailey  2011; 
Sood  et  al.  2005).  In  the  present  experiments  on  anesthetized 
rats,  however,  the  tongue  EMG  output  enabled  a  rigorous  test 
of  the  fundamental  hypothesis,  and  we  suggest  that  future  work 
should  focus  on  additional  potential  sources  of  respiratory 
output  to  serve  as  endogenous  trigger  signals  or  alternative 
detection  algorithms  (Dow  et  al.  2006). 

Neural  substrate  considerations.  One  of  the  more  challeng¬ 
ing  issues  related  to  electrical  stimulation  of  the  spinal  cord  is 
identification  of  the  neural  substrate  being  affected  directly  or 
indirectly.  Here  our  immediate  goal  was  to  target  ISMS  of  gray 
matter  at  the  level  of  the  phrenic  motor  nucleus.  Whether 
phrenic  motoneurons  are  being  directly  activated  by  ISMS 
cannot  be  determined  from  the  present  findings,  although 
latencies  in  the  range  of  1.5-2. 5  ms  suggest  indirect  stimula¬ 
tion  via  polysynaptic  pathways.  In  the  subacute  C2Hx  group, 
stimulation  of  ipsilateral  bulbospinal  inputs  to  phrenic  mo¬ 
toneurons  can  be  effectively  ruled  out  because  these  pathways 
will  be  undergoing  degeneration.  It  is  possible  that  ISMS 
activated  commissural  bulbospinal  projections  from  the  con¬ 
tralateral  cord  [i.e.,  pathways  associated  with  the  “crossed 
phrenic  phenomenon”  (Goshgarian  2003;  Goshgarian  et  al. 
1991)].  However,  past  studies  in  which  intraspinal  stimulation 
of  the  cervical  cord  was  used  to  activate  crossed  phrenic 
pathways  reported  latencies  of  <1  ms  (Fuller  et  al.  2003),  and 
these  are  considerably  shorter  than  the  values  reported  here. 
Collectively,  the  evidence  is  most  consistent  with  indirect 
activation  of  phrenic  motoneurons  via  ISMS,  possibly  via 
spinal  prephrenic  intemeurons  (Lane  2011)  or  even  ascending 
afferent  projections  originating  below  the  injury  (Decima  and 
von  Euler  1969). 

ISMS  is  capable  of  discrete  activation  of  circuitry  with 
minimal  undesired  physiological  effects  (Pikov  et  al.  2007). 
Here  we  observed  clear  responses  in  the  ipsilateral  diaphragm, 
as  intended,  but  also  off-target  motor  unit  recruitment.  Very 
small  and  inconsistent  activation  of  the  contralateral  dia¬ 
phragm,  intercostal  muscles,  and  genioglossus  were  present 
during  ISMS.  This  indicates  current  spread  beyond  the  target 
region  or  activation  of  other  circuits  via  interneurons  (Perlmut- 
ter  et  al.  1998).  For  example,  in  the  case  of  ISMS-evoked 
responses  in  the  contralateral  diaphragm  and  intercostal  mus¬ 
cles,  our  previous  transneuronal  tracing  studies  provide  an 
interneuronal  basis  for  those  off-target  responses  (Lane  et  al. 
2008).  Intercostal  and/or  contralateral  diaphragm  recruitment 
could  in  fact  be  advantageous  when  cervical  SCIs  involve 
much  larger- scale  compromise  of  diaphragm  and  inspiratory 
intercostal  function  compared  with  C2Hx.  Activation  of  the 
genioglossus  was  barely  above  the  threshold  for  detection  and 
probably  reflected  activation  of  ascending  projections  to  med¬ 
ullary  respiratory  control  neurons.  For  example,  we  previously 
reported  that  some  cervical  interneurons  associated  with  the 
phrenic  motor  circuit  have  ascending  projections  to  the  me¬ 
dulla  (Lane  et  al.  2008). 

The  relatively  stronger  coactivation  of  forelimb  muscles 
induced  by  ISMS  presents  a  more  challenging  technical  issue. 
As  with  the  ipsilateral  diaphragm,  constant-latency  entrain¬ 
ment  occurred  in  the  forelimb,  and  this  may  reflect  overlap  of 
phrenic  and  forelimb  circuits  along  the  rostro-caudal  axis 
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(Gonzalez-Rothi  et  al.  2015).  ECR  motoneurons,  however, 
appear  to  occupy  a  more  dorso-lateral  position  than  the  phrenic 
motoneuron  pool  (Tosolini  and  Morris  2012).  This  raises  the 
possibility  that  even  if  ISMS  was  precisely  restricted  to  phrenic 
motoneurons,  concomitant  excitation  of  ECR  axons  as  they 
course  toward  their  ventral  roots  could  still  occur.  Further 
investigations  are  needed  to  sort  out  the  neuroanatomical  basis 
for  direct  vs.  indirect  effects  of  ISMS.  The  latter  may  be 
especially  beneficial  by  activating  desired  motoneuron  pools  in 
a  more  natural  order  than  achieved  with  direct  stimulation. 

Conclusions.  Previous  studies  directed  at  spinal  cord  stim¬ 
ulation  and  the  respiratory  system  after  SCI  have  focused  on 
epidural  stimulation  as  a  means  of  enhancing  abdominal  or 
phrenic  motor  output.  Epidural  stimulation  has  been  successful 
at  recruiting  diaphragm  motor  units  in  animal  studies  (DiMarco 
and  Kowalski  2009,  2011;  Kowalski  et  al.  2013)  and  has  been 
used  to  enhance  cough  in  spinally  injured  humans  (DiMarco  et 
al.  2014).  Epidural  stimulation  also  shows  promise  in  the 
context  of  locomotor  function  after  SCI  in  both  animals  and 
humans  (Edgerton  and  Harkema  2011;  Rejc  et  al.  2015). 
Despite  these  successes,  there  is  unquestionably  a  need  for 
improvement  and  refinement  of  spinal  cord  stimulation  meth¬ 
ods.  In  that  regard,  the  initial  findings  from  our  study  raise  the 
possibility  of  utilizing  endogenous,  physiologically  relevant 
respiratory  signals,  which  entail  peripheral  and  chemosensory 
feedback,  for  triggering  neuromodulation  of  the  phrenic  motor 
circuit  and  alleviation  of  ventilatory  insufficiency  following 
mid-  to  high-cervical  SCI.  Many  ISMS  parameters  (Bamford 
and  Mushahwar  2011;  Giszter  2015;  Tator  et  al.  2012)  must  be 
refined,  however,  before  the  benefits  of  invasive  ISMS  proto¬ 
cols  to  promote  respiratory  improvements  after  cervical  SCI 
can  be  fully  evaluated  or  compared  with  other  approaches, 
high-frequency  epidural  stimulation  (Kowalski  et  al.  2013)  in 
particular.  It  also  is  possible  that  a  given  spinal  stimulation 
approach  will  be  better  suited  for  some  SCI  cases  than  another. 
Future  investigations  involving  awake,  spontaneously  breath¬ 
ing  animals  will  be  crucial  for  determining  whether  chronic 
ISMS  delivery  will  function  solely  as  a  neuroprosthetic  or  can 
be  used  short  term  to  promote  functional  and  anatomical 
neuroplasticity  (Moritz  et  al.  2007)  alone  or  in  combination 
with  other  therapeutic  approaches  leading  to  long-lasting  im¬ 
provement  in  respiratory  function. 
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Gonzalez-Rothi  EJ,  Streeter  KA,  Hanna  MH,  Stamas  AC, 
Reier  PJ,  Baekey  DM,  Fuller  DD.  High-frequency  epidural  stimu¬ 
lation  across  the  respiratory  cycle  evokes  phrenic  short-term  potenti¬ 
ation  after  incomplete  cervical  spinal  cord  injury.  J  Neurophysiol  118: 
2344-2357,  2017.  First  published  June  14,  2017;  doi:10.1152/ 
jn.00913.2016. — C2  spinal  hemilesion  (C2Hx)  paralyzes  the  ipsilat- 
eral  diaphragm,  but  recovery  is  possible  through  activation  of 
“crossed  spinal”  synaptic  inputs  to  ipsilateral  phrenic  motoneurons. 
We  tested  the  hypothesis  that  high-frequency  epidural  stimulation 
(HF-ES)  would  potentiate  ipsilateral  phrenic  output  after  subacute  and 
chronic  C2Hx.  HF-ES  (300  Hz)  was  applied  to  the  ventrolateral  C4  or 
T2  spinal  cord  ipsilateral  to  C2Hx  in  anesthetized  and  mechanically 
ventilated  adult  rats.  Stimulus  duration  was  60  s,  and  currents  ranged 
from  100  to  1,000  /xA.  Bilateral  phrenic  nerve  activity  and  ipsilateral 
hypoglossal  (XII)  nerve  activity  were  recorded  before  and  after 
HF-ES.  Higher  T2  stimulus  currents  potentiated  ipsilateral  phasic 
inspiratory  activity  at  both  2  and  12  wk  post-C2Hx,  whereas  higher 
stimulus  currents  delivered  at  C4  potentiated  ipsilateral  phasic  phrenic 
activity  only  at  12  wk  (P  =  0.028).  Meanwhile,  tonic  output  in  the 
ipsilateral  phrenic  nerve  reached  500%  of  baseline  values  at  the  high 
currents  with  no  difference  between  2  and  12  wk.  HF-ES  did  not 
trigger  inspiratory  burst-frequency  changes.  Similar  responses  oc¬ 
curred  following  T2  HF-ES.  Increases  in  contralateral  phrenic  and  XII 
nerve  output  were  induced  by  C4  and  T2  HF-ES  at  higher  currents, 
but  the  relative  magnitude  of  these  changes  was  small  compared  with 
the  ipsilateral  phrenic  response.  We  conclude  that  following  incom¬ 
plete  cervical  spinal  cord  injury,  HF-ES  of  the  ventrolateral  midcer- 
vical  or  thoracic  spinal  cord  can  potentiate  efferent  phrenic  motor 
output  with  little  impact  on  inspiratory  burst  frequency.  However,  the 
substantial  increases  in  tonic  output  indicate  that  the  uninterrupted 
60- s  stimulation  paradigm  used  is  unlikely  to  be  useful  for  respiratory 
muscle  activation  after  spinal  injury. 

NEW  &  NOTEWORTHY  Previous  studies  reported  that  high- 
frequency  epidural  stimulation  (HF-ES)  activates  the  diaphragm  fol¬ 
lowing  acute  spinal  transection.  This  study  examined  HF-ES  and 
phrenic  motor  output  following  subacute  and  chronic  incomplete 
cervical  spinal  cord  injury.  Short-term  potentiation  of  phrenic  bursting 
following  HF-ES  illustrates  the  potential  for  spinal  stimulation  to 
induce  respiratory  neuroplasticity.  Increased  tonic  phrenic  output 
indicates  that  alternatives  to  the  continuous  stimulation  paradigm  used 
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in  this  study  will  be  required  for  respiratory  muscle  activation  after 
spinal  cord  injury. 

spinal  cord  injury;  epidural  stimulation;  phrenic,  potentiation;  plastic¬ 
ity 


delivery  of  electrical  currents  to  the  dorsal,  lateral,  or 
ventral  spinal  dura  mater  (i.e.,  “epidural  stimulation”)  has  been 
explored  in  animal  models  and  humans  following  spinal  cord 
injury  (SCI).  Much  of  that  work  has  focused  on  enabling 
locomotor  movement  (Angeli  et  al.  2014;  Harkema  et  al.  2011; 
Rejc  et  al.  2015;  Sayenko  et  al.  2014),  but  epidural  stimulation 
also  has  been  used  to  activate  respiratory  muscles  (DiMarco 
and  Kowalski  2009,  2010,  2013b,  2015;  DiMarco  et  al.  2002, 
2014;  Kowalski  et  al.  2013,  2016).  Following  a  complete 
spinal  transection  at  Cl,  high-frequency  epidural  stimulation 
(HF-ES)  of  the  upper  thoracic  spinal  cord  can  evoke  bursting 
of  diaphragm  motor  units  during  stimulation,  but  at  rates  (e.g., 
10-50  Hz)  well  below  the  stimulus  frequency  of  300  Hz.  With 
the  use  of  this  approach,  recruitment  of  diaphragm  motor  units 
occurs  during  stimulation,  and  off-target  effects  appear  to  be 
minimal.  The  specific  mechanisms  underlying  diaphragm  mo¬ 
tor  unit  recruitment  during  HF-ES  of  the  transected  spinal  cord 
are  unknown,  but  the  phenomenon  has  been  demonstrated  in 
both  rats  (Kowalski  et  al.  2013)  and  dogs  (DiMarco  and 
Kowalski  2009). 

Neuroplasticity  in  respiratory  motoneurons  and/or  networks 
(Fuller  and  Mitchell  2017)  is  an  important  consideration  in  the 
context  of  epidural  stimulation  and  SCI.  For  example,  if  the 
stimulation  paradigm  is  intended  to  function  as  a  “respiratory 
neuroprosthesis,”  then  stimulus-induced  changes  in  synaptic 
efficacy  could  enhance  (or  impair)  subsequent  evoked  motor 
responses.  Perhaps  even  more  important  is  the  potential  for 
stimulation-induced  neuroplasticity  to  promote  motor  recovery 
(Kasten  et  al.  2013;  McPherson  et  al.  2015).  Electrical  stimu¬ 
lation  of  the  spinal  cord  can  alter  neuronal  growth  (Borgens  et 
al.  1981)  and  synaptic  plasticity  (Fetz  2015;  McPherson  et  al. 
2015;  Nishimura  et  al.  2013;  Widge  and  Moritz  2014)  and  has 
already  been  used  in  neurorehabilitation  paradigms  (Harkema 
et  al.  2011;  Rejc  et  al.  2015,  2017;  Sayenko  et  al.  2015). 

In  the  current  study,  we  investigated  whether  a  sustained 
period  of  HF-ES  would  induce  neuroplastic  changes  in  phrenic 
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motor  activity  similar  to  the  well-described  short-term  poten¬ 
tiation  of  phrenic  nerve  activity  that  occurs  following  short 
periods  of  arterial  hypoxia  (Lee  et  al.  2015).  The  mechanisms 
underlying  phrenic  short-term  potentiation  induced  by  hypoxia 
are  not  definitively  known  (Lee  et  al.  2015),  but  several  studies 
have  shown  that  electrically  stimulating  synaptic  inputs  to 
spinal  respiratory  motoneurons  can  potentiate  spinal  respira¬ 
tory  output  on  short  timescales  (Hayashi  et  al.  2003;  Johnson 
and  Mitchell  2002;  McCrimmon  et  al.  1997;  Mercier  et  al. 
2017).  The  aforementioned  epidural  stimulation  experiments 
(DiMarco  and  Kowalski  2009,  2010,  2013b;  DiMarco  et  al. 
2002;  Kowalski  et  al.  2013)  indicate  that  HF-ES  robustly 
activates  synaptic  inputs  to  phrenic  motoneurons,  at  least 
following  acute  spinal  transection.  Epidural  stimulation  may 
also  activate  neuromodulatory  neurons  (e.g.,  raphe-spinal  pro¬ 
jections)  located  in  proximity  to  phrenic  motoneurons 
(Kinkead  et  al.  1998)  which  have  the  capacity  to  induce 
respiratory  neuroplasticity  (Fuller  and  Mitchell  2017).  Accord¬ 
ingly,  in  this  study  we  hypothesized  that  a  brief  period  of 
HF-ES  in  rats  with  incomplete  cervical  SCI  would  induce 
short-term  potentiation  in  phrenic  motor  output.  Experiments 
were  conducted  in  adult  rats  following  hemilesion  of  the  spinal 
cord  at  C2  (C2Hx;  Goshgarian  2003;  Sandhu  et  al.  2009).  The 
C2Hx  lesion  transiently  eliminates  ipsilateral  inspiratory 
phrenic  activity,  but  this  is  followed  by  a  gradual  and  sponta¬ 
neous  return  of  a  small  degree  of  inspiratory  activity  (Nantwi 
et  al.  1999;  Pitts  1940)  coupled  with  increases  in  tonic  dis¬ 
charge  (Fuller  et  al.  2008).  Epidural  stimulation  was  applied  to 
the  ventrolateral  wall  of  the  midcervical  (C4)  or  high  thoracic 
(T2)  spinal  cord,  ipsilateral  to  C2Hx,  and  both  phrenic  and 
supraspinal  (hypoglossal,  XII)  respiratory  output  were  re¬ 
corded.  Experiments  were  conducted  after  both  subacute  (2 
wk)  and  chronic  (12  wk)  injury  because  the  spontaneous 
neuroplastic  processes  that  drive  phrenic  motor  recovery  after 
C2Hx  (Golder  and  Mitchell  2005)  may  also  impact  the  re¬ 
sponse  to  HF-ES.  The  results  indicate  that  HF-ES  can  poten¬ 
tiate  motor  output  in  the  phrenic  nerve  with  impaired  output 
(i.e.,  ipsilateral  to  C2Hx),  with  some  evidence  for  improved 
efficacy  at  12  vs.  2  wk  post-C2Hx.  However,  large  increases  in 
tonic  phrenic  motor  output  following  stimulation  masked  the 
increases  in  phasic  (inspiratory)  phrenic  bursting. 

MATERIALS  AND  METHODS 

Experiments  were  conducted  on  adult,  female  Sprague-Dawley  rats 
(Harlan,  Indianapolis,  IN)  with  C2Hx  injury.  All  rats  were  housed  in 
pairs  in  a  controlled  environment  (12:12-h  light-dark  cycles)  with 
food  and  water  ad  libitum.  The  C4  or  T2  spinal  cord  was  stimulated 
in  separate  rats  at  either  2  or  12  wk  post-C2Hx:  2-wk  C4,  n  =  8; 
12-wk  C4,  n  =  8;  2-wk  T2,  n  =  7;  and  12-wk  T2,  n  =  7.  A  summary 
of  the  experimental  approach  including  the  SCI  model  and  location  of 
stimulation  is  shown  in  Fig.  1.  All  experimental  procedures  were 
approved  by  the  Institutional  Animal  Care  and  Use  Committee  at  the 
University  of  Florida. 

SCI  surgery.  Anesthesia  and  C2Hx  methods  have  been  previously 
described  (Doperalski  et  al.  2008;  Dougherty  et  al.  2012;  Fuller  et  al. 
2008).  Rats  were  anesthetized  by  3%  isoflurane  in  a  closed  chamber 
and  then  maintained  at  a  surgical  plane  by  using  a  nose  cone  to  inspire 
1-2%  isoflurane.  A  1-in.  dorsal  midline  incision  was  made  from  the 
base  of  the  skull  to  approximately  the  fourth  cervical  segment  (C4). 
After  C2  laminectomy,  a  small  incision  was  made  in  the  dura, 
followed  by  lateral  hemisection  of  the  left  spinal  cord,  using  a 


Fig.  1.  Schematic  diagram  illustrating  the  experimental  model.  Lateral  C2 
spinal  cord  hemisection  injury  disrupts  the  descending  bulbospinal  projections 
innervating  the  phrenic  motor  pool  on  one  side,  rendering  the  ipsilateral 
hemidiaphragm  paralyzed.  Modest  but  incomplete  spontaneous  recovery  of 
ipsilateral  diaphragm  function  occurs  in  the  weeks  following  injury.  At  either 
2  or  12  wk  following  injury,  HF-ES  was  delivered  to  the  ventrolateral  surface 
of  the  spinal  cord  at  either  the  midcervical  (C4)  or  upper  thoracic  (T2)  level 
ipsilateral  to  the  side  of  injury.  C.N.  XII,  cranial  nerve  XII. 

microscalpel  and  gentle  aspiration.  After  completeness  of  the  lesion 
was  verified  visually,  the  dura  was  closed  with  interrupted  9-0  sutures. 
The  overlying  muscle  was  sutured  in  layers,  and  the  skin  was  closed 
with  surgical  wound  clips.  Rats  were  given  injections  of  buprenor- 
phine  (0.03  mg/kg  sc;  Hospira,  Lake  Forest,  IL)  for  analgesia  and 
sterile  lactated  Ringer’s  solution  (5  ml  sc)  to  prevent  dehydration. 
Buprenorphine  (0.03  mg/kg  sc)  was  given  at  12-h  intervals  for  the 
initial  48  h.  Lactated  Ringer’s  solution  (5  ml/day  sc)  and  oral  Nutri- 
Cal  supplements  (1-3  ml;  Webster  Veterinary  Supply,  Devens,  MA) 
were  given  until  adequate  volitional  drinking  and  eating  resumed. 

Phrenic  and  XII  nerve  recordings.  Isoflurane  anesthesia  (3-4%) 
was  induced  in  a  closed  chamber  followed  by  intravenous  infusion  of 
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urethane  (1.7-1. 8  g/kg;  Sigma,  St.  Louis,  MO)  via  a  tail  vein  catheter. 
The  trachea  was  cannulated  with  polyethylene  (PE-240)  tubing,  and 
rats  were  mechanically  ventilated  for  the  remainder  of  the  experiment 
with  50%  02.  Tracheal  pressure  was  continuously  monitored  with  a 
pressure  transducer  (DTXPlus  pressure  transducer,  Argon  Critical 
Care  Systems,  Singapore;  model  TA-100  strain  gauge  amplifier, 
CWE,  Ardmore,  PA)  connected  to  the  tracheal  cannula.  The  vagus 
nerves  were  sectioned  in  the  midcervical  region  to  prevent  entrain¬ 
ment  of  phrenic  motor  output  with  the  ventilator  and  rats  were 
paralyzed  with  pancuronium  bromide  (2.5  mg/kg  iv;  Hospira)  to 
eliminate  spontaneous  breathing  efforts.  After  paralysis,  arterial  blood 
pressure  and  phrenic  nerve  response  to  toe  pinch  were  monitored  to 
ensure  the  depth  of  anesthesia,  and  supplemental  urethane  was  given 
if  indicated  (0.3  g/kg  iv).  A  femoral  arterial  catheter  (PE-50)  was 
inserted  to  measure  blood  pressure  (DTXPlus,  Argon  Critical  Care 
Systems;  model  TA-100  strain  gauge  amplifier,  CWE)  and  end-tidal 
carbon  dioxide  partial  pressure  (Petco  )  to  periodically  withdraw 
blood  samples.  Heart  rate  was  extracted  from  the  arterial  pressure 
trace  and  calculated  in  real  time  using  Spike2  software  (Cambridge 
Electronic  Design,  Cambridge,  UK).  Arterial  Po2  (Pa02)  and  Pco2 
(PaCo2)  and  pH  were  determined  from  0.2-ml  arterial  blood  samples 
using  an  i-Stat  blood  gas  analyzer  (Heska,  Fort  Collins,  CO).  Rectal 
temperature  was  maintained  at  37  ±  1°C  using  a  rectal  thermistor 
connected  to  a  servo-controlled  heating  pad  (model  TC-1000;  CWE). 
The  PetCq2  was  measured  using  a  rapidly  responding  mainstream  C02 
analyzer  positioned  a  few  centimeters  from  the  tracheostomy  tube 
(Capnogard;  Novametrix  Medical  Systems,  Wallingford,  CT). 

With  the  use  of  a  dorsal  surgical  approach,  the  phrenic  and  hypoglos¬ 
sal  nerves  were  isolated,  cut  distally,  and  partially  desheathed  (Mahamed 
et  al.  2011).  Electrical  activity  in  the  nerves  was  recorded  using  custom- 
made  bipolar  silver  wire  suction  electrodes  filled  with  0.9%  saline. 
Signals  were  amplified  (X  10,000),  filtered  (bandpass  =  3-30  kHz),  dig¬ 
itized  (16-bit,  25 -kHz  sampling  frequency/channel;  CED  Power  1401 
data  acquisition  interface),  and  recorded  using  Spike2  software.  The 
amplified  signals  were  full-wave  rectified  in  real  time  using  Spike2 
software. 

Stimulation  of  the  spinal  cord.  After  isolation  of  the  phrenic  and 
XII  nerves,  a  laminectomy  was  performed  at  either  C3-C5  or  T1-T3 
(Fig.  1).  Two  Teflon-coated  silver  wires  (diameter:  0.010  in.  bare, 
0.013  in.  coated;  A-M  Systems)  with  1  mm  of  insulation  removed  at 
the  tip  were  used  to  stimulate  the  spinal  cord.  Electrode  tips  were 
separated  by  1.5  mm  and  were  slid  between  the  dorsal  roots  ipsilateral 
to  the  side  of  injury  to  wrap  around  to  the  ventrolateral  surface  of  the 
spinal  cord.  A  Grass  S-88  stimulator  was  used  to  pass  electrical 
current  through  the  wires. 

Experimental  protocol  Baseline  conditions  were  established  by 
adjusting  the  ventilator  rate  to  maintain  PetCq2  between  44  and  48 
mmHg;  this  ensured  that  a  robust  and  rhythmic  inspiratory  burst  could 
be  recorded  in  the  phrenic  and  XII  nerves.  All  baseline  recordings 
were  made  for  a  minimum  of  10  min,  during  which  the  burst 


amplitude  remained  consistent.  The  stimulation  protocol  consisted  of 
three  60-s  trains  of  high-frequency  (300  Hz)  stimulation  delivered  at 
100,  500,  and  1,000  pA  (pulse  duration  =  0.2  ms).  A  3 -min  recovery 
period  followed  each  bout  of  stimulation.  Throughout  the  protocol, 
PetCq2  measurements  were  used  as  a  guide  to  help  maintain  PaCo2 
stability;  arterial  blood  gases  were  measured  at  baseline  and  after  the 
final  bout  of  stimulation. 

Data  analysis.  The  amplitude  and  frequency  (burst/min)  of  the 
integrated  phrenic  and  hypoglossal  signals  were  quantified  at  baseline 
and  after  each  bout  of  stimulation.  Figure  2  provides  an  overview  of 
how  the  phasic  inspiratory-related  discharge  and  the  tonic  discharge 
were  evaluated.  The  integrated  signals  were  compared  with  a  “zero” 
point,  which  was  determined  at  the  end  of  the  experimental  protocol, 
when  each  nerve  was  bathed  in  lidocaine  to  silence  all  neural  activity. 
Tonic  activity  was  measured  as  the  integrated  amplitude  during  the 
expiratory  phase  of  the  respiratory  cycle  relative  to  the  calculated 
zero.  Phasic  (inspiratory)  activity  was  quantified  as  the  peak  of  the 
integrated  inspiratory  burst  amplitude  relative  to  the  amplitude  of  the 
expiratory  phase  preceding  it.  The  total  activity  during  the  inspiratory 
phase  was  quantified  as  the  peak  of  the  integrated  inspiratory  burst 
amplitude  relative  to  zero.  Integrated  burst  amplitudes  were  quantified 
as  1)  absolute  voltages  (i.e.,  arbitrary  units,  a.u.),  2)  relative  to  the 
amplitude  recorded  during  the  baseline  condition  (%  baseline),  and 
3)  as  a  “signal-to-noise”  ratio,  calculated  to  express  the  relationship  of 
phasic  to  tonic  nerve  activity  in  a  given  nerve  at  each  time  point.  Baseline 
nerve  activity  was  calculated  over  a  stable  3 -min  period  just  before 
initiation  of  stimulations.  Poststimulation  nerve  activity  was  assessed  as 
7)  an  average  over  the  3  min  following  termination  of  the  stimulation,  2) 
an  average  of  the  first  10  inspiratory  cycles  following  termination  of  the 
stimulation,  and  3)  the  peak  amplitude  following  termination  of  stimu¬ 
lation.  Mean  arterial  pressure  and  heart  rate  were  assessed  throughout  the 
entire  protocol.  Statistical  analyses  were  performed  using  SigmaStat 
software.  Comparisons  of  baseline  blood  gases,  cardiovascular  parame¬ 
ters  (blood  pressure,  heart  rate),  and  nerve  data  (frequency  and  amplitude) 
were  made  across  groups  using  one-way  analysis  of  variance  (ANOVA). 
Changes  in  arterial  blood  gases,  cardiovascular  parameters,  and  neural 
output  following  stimulation  were  compared  across  groups  using  two- 
way  repeated-measures  analyses  of  variance  (RM  ANOVA)  and  Holm- 
Sidak  post  hoc  tests.  All  data  are  means  ±  SE.  A  P  value  <0.05  was 
considered  statistically  significant. 

RESULTS 

Baseline  respiratory  and  cardiovascular  parameters.  Ro¬ 
bust  inspiratory  signals  were  recorded  from  the  left  XII  nerve 
(ipsilateral  to  C2Hx)  and  the  right  (contralateral)  phrenic  nerve 
in  all  experiments  (Fig.  3).  Baseline  inspiratory-related  burst¬ 
ing  in  the  left  (ipsilateral)  phrenic  nerve  was  also  present  in  all 
animals,  and  amplitude  was  attenuated  by  41  ±  10%  acom- 
pared  with  the  contralateral  side  (P  <  0.001;  Fig.  3,  A  and  B , 


Fig.  2.  Quantification  of  electrical  activity 
recorded  in  the  phrenic  and  XII  nerves.  Inte¬ 
grated  nerve  signals  were  compared  with  a 
“zero”  point,  which  was  determined  at  the 
end  of  the  experimental  protocol,  when  each 
nerve  was  bathed  in  lidocaine  to  silence  all 
neural  activity.  “Phasic”  amplitude  (A)  was 
quantified  as  the  integrated  amplitude  of  the 
inspiratory  burst  relative  to  the  amplitude  of 
the  expiratory  phase  preceding  it.  “Tonic” 
amplitude  ( B )  was  quantified  as  the  integrated 
amplitude  during  the  expiratory  phase  rela¬ 
tive  to  “zero.”  “Total”  amplitude  (Cj  was 
quantified  as  the  integrated  amplitude  of  the 
inspiratory  burst  relative  to  “zero.” 


Quantification  of  Integrated  Nerve  Amplitude: 

A.  Phasic  Amplitude 

B.  Tonic  Amplitude 


Pre-stimulation  Post-stimulation 
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Fig.  3.  Representative  examples  illustrating  the  impact  of  cervical  HF-ES  on  phrenic  and  XII  nerve  activity.  Following  a  left-sided  C2  spinal  cord  hemisection 
injury,  HF-ES  was  delivered  to  the  ventrolateral  epidural  surface  of  the  C4  spinal  cord,  ipsilateral  to  the  side  of  injury.  A:  representative  compressed  traces  depict 
integrated  (J)phrenic  and  hypoglossal  (XII)  nerve  activity  before  and  after  HF-ES  at  100,  500,  and  1,000  pA  from  a  rat  that  is  12  wk  post-C2Hx.  B:  expanded 
traces  depict  both  raw  and  integrated  phrenic  and  hypoglossal  nerve  activity  at  baseline  and  following  each  bout  of  stimulation.  Scale  bars  represent  1  min  (A) 
and  1  s  (B). 
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left).  For  each  of  the  three  motor  outputs,  the  absolute  value 
(mV)  of  the  baseline  burst  amplitude  was  similar  across  the 
four  experimental  groups  (ipsilateral  phrenic:  P  =  0.661; 
contralateral  phrenic:  P  =  0.485;  XII:  P  =  0.564).  The  nor¬ 
malized  ipsilateral  phrenic  burst  showed  a  progressive  increase 
in  amplitude  between  2  wk  (19  ±  7%  of  the  contralateral  burst 
amplitude)  and  12  wk  postinjury  (57  ±  14%),  but  the  differ¬ 
ence  between  these  two  time  points  was  just  above  the  thresh¬ 
old  for  statistical  significance  (P  =  0.061).  Inspiratory  fre¬ 
quency  (bursts/min)  at  baseline  was  similar  across  the  four 
groups  (P  =  0.244;  2-wk  cervical:  53  ±  2;  12-wk  cervi¬ 
cal:  48  ±  2;  2-wk  thoracic:  50  ±  2;  12-wk  thoracic:  51  ±2). 
Baseline  cardiovascular  parameters  including  heart  rate  (HR), 
mean  arterial  blood  pressure  (MAP;  Table  1),  and  arterial 
blood  gases  (Table  2)  were  also  similar  between  the  four 
experimental  groups  (P  >  0.3  for  all). 

Phrenic  and  XII  neural  output  following  cervical  HF-ES. 
Representative  traces  of  phrenic  and  XII  nerve  output  follow¬ 


ing  brief  periods  of  C4  epidural  stimulation  are  provided  in 
Fig.  3.  A  few  features  can  be  appreciated  from  these  example 
records.  First,  the  recording  configuration  precluded  assess¬ 
ment  of  respiratory  nerve  activity  during  the  period  of  stimu¬ 
lation  due  to  a  large  stimulus  artifact  that  obviated  the  under¬ 
lying  signal.  Second,  robust  short-term  potentiation  of  the 
ipsilateral  phrenic  signal  is  evident  following  HF-ES.  The 
lowest  current  (100  juA)  typically  evoked  minimal,  if  any, 
potentiation  of  respiratory  nerve  output,  but  stimulation  at  both 
500  and  1,000  juA  resulted  in  a  substantial  increase  in  the 
overall  output  of  the  ipsilateral  phrenic  nerve.  In  the  example 
shown  in  Fig.  3  there  was  no  appreciable  impact  on  XII  or 
contralateral  phrenic  output,  even  at  the  higher  stimulus  cur¬ 
rents.  Figure  4  provides  an  “overlay”  of  ipsilateral  phrenic 
waveform  averages,  obtained  immediately  following  HF-ES. 
The  overlay  plots  further  illustrate  the  potentiation  of  both 
phasic  (inspiratory)  and  tonic  phrenic  output  that  occurred 
following  the  higher  stimulus  currents. 
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Table  1.  Cardiovascular  parameters  before,  during,  and  after  HF-ES 


Mean  Arterial  Pressure,  mmHg  Heart  Rate,  beats/min 


Stimulation 

2-wk  C4 

2-wk  T2 

12-wk  C4 

12-wk  T2 

2-wk  C4 

2-wk  T2 

12-wk  C4 

12-wk  T2 

Baseline 

100  ±  9 

101  ±  5 

118  ±  13 

96  ±  10 

409  ±  5 

416  ±  9 

402  ±  10 

401  ±  7 

100  pA 

101  ±  9 

101  ±  5 

117  ±  13 

97  ±  10 

407  ±  4 

416  ±  9 

401  ±  9 

400  ±  8 

Post  100  pA 

101  ±  9 

101  ±  5 

116  ±  13 

97  ±  10 

406  ±  4 

417  ±  9 

400  ±  9 

400  ±  8 

500  pi  A 

103  ±  9* 

104  ±  4 

120  ±  14* 

104  ±  11 

405  ±  4 

417  ±  8 

401  ±  9 

402  ±  8 

Post  500  piA 

102  ±  10 

103  ±  5 

117  ±  13 

97  ±  9 

405  ±  4 

417  ±  8 

400  ±  9 

400  ±  8 

1,000  piA 

106  ±  10* 

108  ±  4* 

123  ±  13* 

106  ±  11* 

406  ±  4 

418  ±  8 

403  ±  9 

402  ±  9 

Post  1,000  piA 

102  ±  10 

102  ±  6 

118  ±  14 

93  ±  10 

406  ±  4 

420  ±  7 

400  ±  9 

401  ±  9 

Mean  arterial  blood  pressure  was  significantly  increased  during  500-  and  1,000-juA  stimulation  in  rats  receiving  stimulation  at  C4  and  during  1,000-piA 
stimulation  in  rats  receiving  stimulation  at  T2.  Heart  rate  was  significantly  increased  during  1 ,000- p, A  stimulation  in  rats  receiving  HF-ES  to  the  C4  spinal  cord 
at  12  wk  postinjury.  No  other  statistically  significant  changes  in  cardiovascular  parameters  were  observed  during  or  after  stimulation.  *P  <  0.05,  significantly 
different  from  baseline,  100  piA,  post  100  piA,  post  500  pA,  and  post  1,000  pA.  #P  <  0.05,  significantly  different  from  T2  stimulation  (2-way  repeated-measures 
ANOVA  with  Holm-Sidak  post  hoc  tests  for  individual  comparisons). 


The  average  changes  in  phasic,  tonic,  and  total  activity  in  the 
phrenic  and  XII  nerve  recordings  following  C4  HF-ES  are 
presented  in  Fig.  5.  In  addition  to  the  mean  and  SE,  each 
individual  data  point  is  provided  in  keeping  with  recent  rec¬ 
ommendations  for  data  reporting  in  preclinical  research  (Lan¬ 
dis  et  al.  2012).  Evaluation  of  phasic  inspiratory  activity  in  the 
left  (ipsilateral)  phrenic  nerve  revealed  a  statistical  interaction 
C P  =  0.028)  between  the  stimulus  current  (i.e.,  100,  500,  and 
1,000  juA)  and  the  time  postinjury  (i.e.,  2  vs.  12  wk  post- 
C2Hx).  Thus  higher  C4  stimulus  currents  evoked  increases  in 
phasic  ipsilateral  phrenic  activity  at  12  but  not  2  wk  following 
C2Hx  (Fig.  5A).  A  similar  response  occurred  in  the  phrenic 
nerve  contralateral  to  the  lesion  (P  <  0.05;  Fig.  5 B)\  however, 
neither  the  time  postinjury  (P  =  0.051)  nor  the  time-stimulus 
current  interaction  (P  =  0.079)  reached  the  threshold  for 
statistical  significance.  Although  there  was  no  significant  im¬ 
pact  of  time  postinjury,  contralateral  phrenic  output  did  in¬ 
crease  with  stimulus  current  (P  =  0.014). 

The  C4  stimulation  paradigm  also  influenced  the  medulla,  as 
confirmed  by  small  increases  in  XII  motor  output  following 
HF-ES.  The  relative  changes  were  small  compared  with  the 
ipsilateral  phrenic  signal,  but  the  XII  inspiratory  burst  (Fig.  5 C) 
increased  with  the  stimulus  current  (P  =  0.027),  and  potenti¬ 
ation  of  XII  bursting  tended  to  be  greater  at  12  vs.  2  wk 
post-C2Hx  (P  =  0.070). 

Table  2.  Arterial  blood  gas  parameters  before  and  after  HF-ES 


Paco2,  mmHg  Pa02,  mmHg  pH 


2-wk  C4 


Baseline 

50.0 

-+- 

2.6 

171.4 

+ 

15.1 

7.3 

-+- 

0.0 

Poststimulation 

46.4 

+ 

2.6 

162.3 

-+- 

13.9* 

7.3 

+ 

0.0 

2-wk  T2 

Baseline 

51.7 

+ 

2.6 

161.9 

+ 

17.8 

7.3 

+ 

0.0 

Poststimulation 

51.9 

-+- 

1.6 

156.6 

+ 

20.2* 

7.3 

+ 

0.0 

12-wk  C4 

Baseline 

50.3 

+ 

1.0 

178.6 

-+- 

15.1 

7.3 

+ 

0.1 

Poststimulation 

48.6 

+ 

2.8 

174.6 

-t- 

15.2* 

7.3 

-I- 

0.0 

12-wk  T2 

Baseline 

50.5 

+ 

1.9 

195.0 

+ 

19.1 

7.3 

+ 

0.0 

Poststimulation 

52.4 

-+- 

2.5 

187.8 

-+- 

20.6* 

7.3 

+ 

0.0 

Arterial  partial  pressure  of  C02  (PaCo2)  and  02  (Pa02)  and  pH  are  shown  by 
group,  before  and  after  HF-ES.  No  changes  in  PaCo2  or  pH  were  observed 
poststimulation.  Although  Pao2  was  slightly  reduced  poststimulation,  all  ani¬ 
mals  remained  well  oxygenated.  *P  <  0.05,  significantly  different  from 
baseline  (2-way  repeated-measures  ANOVA  with  Holm-Sidak  post  hoc  tests 
for  individual  comparisons). 


The  average  changes  in  tonic  neural  activity  following  C4 
stimulation  are  provided  in  Fig.  5,  D-F.  Note  that  the  relative 
magnitude  (%baseline)  of  the  increased  tonic  discharge  was 
considerably  greater  for  tonic  compared  with  phasic  output. 
Both  the  left  (Fig.  5 D\  P  =  0.001)  and  right  phrenic  nerves 
(Fig.  5E ;  P  =  0.002)  showed  increases  in  tonic  activity  as  the 
stimulus  current  increased.  The  most  robust  potentiation  oc¬ 
curred  in  the  left  phrenic  nerve,  with  increases  reaching  -500% 
of  the  baseline  output  at  the  highest  stimulation  intensity. 
There  was  no  evidence  for  a  time-dependent  effect  in  either  the 
left  or  right  phrenic  neurogram  (i.e.,  tonic  output  was  similar  at 
2  and  12  wk  post-C2Hx).  Tonic  XII  discharge  tended  to  be 
greater  following  C4  stimulation  at  12  vs.  2  wk,  but  this  was 
not  statistically  significant  (Fig.  5 F;  P  =  0.083).  Changes  in 
total  phrenic  and  XII  activity  (i.e.,  including  both  the  phasic 
and  tonic  components)  are  presented  in  Fig.  5,  G-I.  All  three 
recordings  showed  a  progressive  increase  in  total  activity  as  the 
stimulus  current  was  increased. 

Although  the  XII  data  suggest  an  impact  of  HF-ES  on 
medullary  neurons  (Fig.  5),  no  changes  in  inspiratory  burst 
frequency  were  observed  following  stimulation  of  the  cervical 
spinal  cord  (Table  3;  P  =  0.402). 

Phrenic  and  XII  neural  output  following  thoracic  HF-ES. 
The  impact  of  thoracic  (T2)  stimulation  on  phasic,  tonic,  and 
total  activity  in  the  left  and  right  phrenic  nerves  and  the  left  XII 
nerve  is  summarized  in  Fig.  6.  At  the  100-juA  stimulus  current, 
the  majority  of  rats  showed  a  small  increase  in  phasic  discharge 
in  all  three  motor  outputs.  The  only  exception  was  in  the  left 
phrenic  recording  at  the  2-wk  time  point,  where  only  3  of  6  rats 
showed  an  increase  in  phasic  discharge  (Fig.  6A).  The  magni¬ 
tude  of  potentiation  increased  with  stimulus  current  in  the  left 
phrenic  (Fig.  6 A;  P  =  0.004),  right  phrenic  (Fig.  6 B;  P  = 
0.011),  and  left  XII  recordings  (Fig.  6 C;  P  =  0.021).  However, 
time-dependent  effects  (e.g.,  2  vs.  12  wk)  on  phasic  output 
were  not  detected  for  any  of  the  recordings  (all  P  >  0.265). 

Tonic  output  was  potentiated  in  all  three  nerves  following 
T2  stimulation  in  nearly  all  experiments  at  both  the  2-  and 
12-wk  time  points  (Fig.  6,  D-F).  In  the  left  phrenic  signal, 
tonic  discharge  increased  with  stimulus  intensity  (P  =  0.004) 
and  reached  -500%  of  baseline  at  the  highest  stimulus  current. 
Increases  in  tonic  discharge  in  the  right  phrenic  and  left  XII 
recordings  were  typically  in  the  range  of  50-100%  (Fig.  6,  E 
and  F).  Time-dependent  effects  on  the  tonic  response  to  T2 
stimulation  were  not  statistically  significant  for  any  of  the 
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2  week  C4 


2  week  T2 


Fig.  4.  Impact  of  HF-ES  on  the  phrenic  activity  recorded  ipsilateral  to  C2Hx.  Representative  traces  of  integrated  ipsilateral  phrenic  waveform  averages  are  shown 
from  rats  that  were  either  2  or  12  wk  post-C2Hx  injury  and  received  HF-ES  to  either  the  cervical  or  thoracic  spinal  cord.  Waveform  averages  were  calculated 
from  the  10  respiratory  cycles  immediately  preceding  the  initiation  of  stimulation  (baseline)  and  from  the  10  cycles  immediately  following  each  bout  of 
stimulation.  For  each  plot,  time  0  represents  the  start  of  the  inspiratory  phase  of  the  respiratory  cycle,  which  is  shaded  in  gray.  Note  the  increase  in  tonic  phrenic 
output  in  both  the  inspiratory  and  expiratory  phases  of  the  respiratory  cycle  following  500-  and  1,000-juA  stimulation  (as  evidenced  by  the  upward  shift  in  the 
waveform  baseline). 


neural  outcomes  assessed  (all  P  >  0.557).  The  magnitude  by 
which  total  activity  was  potentiated  increased  with  stimulus 
intensity  in  all  recordings  (all  P  <  0.007;  Fig.  6,  G-7),  and 
there  were  no  significant  differences  in  the  total  activity  be¬ 
tween  the  two  time  points  (all  P  >  0.075). 

The  ratio  of  phasic  to  tonic  activity  within  each  nerve  is 
presented  in  Fig.  7.  For  both  C4  and  T2  stimulation,  higher  HF-ES 
currents  were  associated  with  the  most  dramatic  reductions  in  this 
ratio,  consistent  with  the  observed  increase  in  tonic  output  relative 
to  phasic  output.  Although  not  statistically  significant,  there  ap¬ 
peared  to  be  a  greater  impact  of  stimulation  on  the  ratio  of  phasic 
to  tonic  activity  at  the  more  acute  time  points. 

Similar  to  the  cervical  HF-ES  data,  changes  in  inspiratory 
burst  frequency  were  not  observed  following  stimulation  of  the 
thoracic  spinal  cord  (Table  3;  P  =  0.281). 

Cardiovascular  parameters  during  and  after  HF-ES.  Rep¬ 
resentative  traces  depicting  the  impact  of  C4  stimulation  on  HR 


and  MAP  are  shown  in  Fig.  8,  A  and  P;  average  responses 
along  with  individual  data  points  are  provided  in  Fig.  8,  C  and 
D.  HR  remained  stable  in  all  groups  during  and  after  each  bout 
of  stimulation.  MAP  increased  during  C4  stimulation  at  500 
(P  =  0.046)  and  1,000  juA  (P  <  0.001),  but  with  no  evidence 
of  a  time-dependent  change  between  2  and  12  wk  (P  =  0.445; 
Fig.  8C).  MAP  also  increased  during  T2  stimulation  at  1,000 
juA  (P  =  0.039),  but  no  time-dependent  changes  were  detected 
(P  =  0.963).  At  both  2  and  12  wk,  MAP  returned  ack  to 
baseline  values  following  cessation  of  stimulation,  regardless 
of  the  level  of  stimulation  (all  P  >  0.627).  The  mean  HR  and 
MAP  data  are  provided  in  Table  1. 

Arterial  blood  was  assessed  for  PaCo2,  Pa02,  and  pH  values 
before  and  after  the  stimulation  protocol  As  shown  in  Table  2, 
no  group  differences  in  PaCo2  or  pH  were  detected  at  either 
time  point  (all  P  >  0.38).  Despite  a  slight  reduction  in  Pa0 
following  stimulation  (P  =  0.012),  all  rats  remained  well 


J  Neurophysiol  •  doi:  10.1 152/jn.00913.2016  •  www.jn.org 

Downloadedfromwww.physiology.org/journal/jnby  ${individualUser.givenNames}  ${individualUser. surname}  (159.178.053.212)  on  December  14,  2017. 

Copyright  ©  2017  American  Physiological  Society.  All  rights  reserved. 


2350 


CERVICAL  AND  THORACIC  EPIDURAL  STIMULATION  ALTERS  PHRENIC  OUTPUT 


lOOpA  500pA  lOOOpA 


B 


RIGHT  PHRENIC 


2000 

1500 

1000 

500 


; :  l4l 


r~j~i  i 


ri~i 


cb  A. 


LEFT  XII 


lOOpA  500pA  lOOOpA 


Fig.  5.  Average  changes  in  phrenic  and  hypoglossal  nerve  activity  following  C4  HF-ES.  Depicted  are  changes  in  phasic  ( A-C ),  tonic  ( D-F ),  and  total  (G-I) 
phrenic  and  hypoglossal  nerve  activity  following  HF-ES  of  the  C4  spinal  cord,  delivered  at  2  and  12  wk  postinjury.  Data  were  calculated  over  the  3  min  following 
each  bout  of  stimulation  and  are  represented  as  %change  from  baseline  activity.  HF-ES  delivered  to  the  C4  spinal  cord  at  12  wk  post-C2Hx  resulted  in  an  increase 
in  phasic  phrenic  activity.  No  other  group  differences  were  observed,  although  dose-dependent  increases  in  amplitude  (%change  above  baseline)  were  observed 
following  HF-ES  across  both  groups,  with  the  greatest  amplitude  changes  occurring  following  the  highest  stimulation  intensities  (e.g.,  500  and  1,000  \ uA).  Note 
that  profound  increases  in  tonic  activity  comprised  much  of  the  increase  in  total  activity  and  that  the  ipsilateral  phrenic  nerve  demonstrated  the  most  dramatic 
changes  in  nerve  amplitude  relative  to  baseline.  *P  <  0.05,  different  from  100  pA.  #P  <  0.05,  different  from  500  pA.  %P  <  0.05,  different  from  2  wk  at  same 
stimulus  current.  Data  were  evaluated  using  2-way  repeated-measures  ANOVA  with  Holm-Sidak  post  hoc  tests  for  individual  comparisons  (groups:  2-wk  C4, 
n  =  8;  12-wk  C4,  n  =  8). 


oxygenated  throughout  the  experimental  protocol,  with  Pa02 
values  >98  mmHg  in  all  cases. 

DISCUSSION 

In  regard  to  respiratory  muscle  activation,  the  utility  of 
HF-ES  was  first  demonstrated  in  terminal  studies  in  dogs  and 
rats  following  complete  transection  at  the  Cl  level  (DiMarco 
and  Kowalski  2009,  2011,  2013b;  Kowalski  et  al.  2013).  In  the 
current  study  we  tested  HF-ES  following  an  incomplete  high 


Table  3.  Respiratory  frequency  before  and  after  HF-ES 


Stimulation 

Baseline 

100  pA 

500  pA 

1,000  pA 

2-wk  C4 

52.5  ±  1.5 

50.0  ±  1.4 

51.0  ±  1.2 

52.0  ±  0.7 

2-wk  T2 

50.3  ±  1.5 

47.7  ±  2.1 

49.7  ±  1.8 

50.9  ±  2.4 

12-wk  C4 

47.5  ±  1.6 

47.5  ±  1.6 

47.0  ±  1.5 

48.0  ±  1.2 

12-wk  T2 

51.4  ±  1.9 

50.9  ±  1.2 

49.7  ±  1.3 

48.6  ±  1.4 

Average  respiratory  frequency  (breaths  per  minute)  are  shown  by  group, 
prior  to  and  following  HF-ES.  No  changes  in  respiratory  frequency  were 
observed  following  stimulation  (2-way  repeated-measures  ANOVA). 


cervical  SCI  that  spared  bulbospinal  synaptic  inputs  to  con¬ 
tralateral  phrenic  motoneurons  while  preserving  a  limited  num¬ 
ber  of  bulbospinal  inputs  to  ipsilateral  motoneurons  via  collat¬ 
erals  from  contralateral  fibers  (Fuller  et  al.  2006;  Goshgarian 
2003,  2009;  Goshgarian  et  al.  1991;  Lane  et  al.  2008;  Moreno 
et  al.  1992;  Nantwi  et  al.  1999).  The  results  show  that  pro¬ 
longed  HF-ES  of  the  ventrolateral  C4  or  T2  spinal  cord  can 
cause  an  increase  in  ipsilateral  phrenic  discharge  that  persists 
after  the  stimulation.  This  short-term  potentiation  of  phrenic 
bursting  illustrates  the  potential  for  spinal  cord  stimulation  to 
trigger  respiratory  plasticity  (Mercier  et  al.  2017),  a  concept 
that  could  be  useful  in  designing  neurorehabilitation  paradigms 
(Kasten  et  al.  2013;  McPherson  et  al.  2015).  However,  the 
large  increases  in  tonic  phrenic  output  triggered  by  HF-ES 
indicate  that  this  particular  paradigm  is  unlikely  to  have  appli¬ 
cation  as  a  “respiratory  neuroprosthesis”  for  activation  of  the 
respiratory  muscles  after  incomplete  SCI. 

HF-ES  after  SCI.  Application  of  HF-ES  to  the  ventral  spinal 
cord  following  Cl  spinal  cord  transection  can  produce  dia¬ 
phragm  and  intercostal  activation  motor  unit  activation  that  is 
asynchronous  relative  to  the  stimulus  (DiMarco  and  Kowalski 
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Fig.  6.  Average  changes  in  phrenic  and  hypoglossal  nerve  activity  following  T2  HF-ES.  Shown  are  changes  in  phasic  ( A-C ),  tonic  ( D-F ),  and  total  (G-7)  phrenic 
and  hypoglossal  nerve  activity  following  HF-ES  of  the  T2  spinal  cord,  delivered  at  2  and  12  wk  postinjury.  Data  were  calculated  over  the  3  min  following  each 
bout  of  stimulation  and  are  represented  as  %change  from  baseline  activity.  A  dose-dependent  increase  in  amplitude  (%change  above  baseline)  was  observed  in 
all  nerves  (*P  <  0.05,  different  from  lOOjuA;  #P  <  0.05,  different  from  500  /xA)  across  all  outcomes  (phasic,  tonic,  and  total  nerve  activity),  with  the  greatest 
amplitude  changes  occurring  following  the  highest  stimulation  intensities.  Note  that  profound  increases  in  tonic  activity  comprised  much  of  the  increase  in  total 
activity  and  that  the  ipsilateral  phrenic  nerve  demonstrated  the  most  dramatic  changes  in  nerve  amplitude  relative  to  baseline.  No  significant  group  differences 
were  observed  in  any  nerve  in  any  of  the  outcomes  assessed.  Data  were  evaluated  using  2-way  repeated-measures  ANOVA  with  Holm-Sidak  post  hoc  tests  for 
individual  comparisons  (groups:  2-wk  T2,  n  =  7;  12- wk  T2,  n  =  7). 


2009,  2010,  2011,  2013a,  2013b,  2015;  Hormigo  et  al.  2017; 
Kowalski  et  al.  2013).  In  these  prior  reports,  respiratory  motor 
unit  discharge  during  HF-ES  occurred  at  rates  well  below  the 
stimulation  frequency,  and  respiratory  motor  unit  activation 


resembled  discharge  patterns  seen  during  spontaneous  breath¬ 
ing.  Therefore,  it  appears  that  HF-ES  can  activate  a  spinal 
network  capable  of  providing  “physiologically  appropriate” 
synaptic  input  to  respiratory  motoneurons,  resulting  in  dis- 
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Fig.  7.  Ratio  of  phasic  to  tonic  ipsilateral  phrenic  nerve  activity  following  C4  and  T2  HF-ES.  Shown  are  the  average  “signal-to-noise  ratios”  of  phasic  to  tonic 
ipsilateral  phrenic  nerve  activity  at  baseline  and  following  each  bout  of  HF-ES  delivered  to  either  the  C4  (A)  or  T2  ( B )  spinal  cord  at  2  and  12  wk  postinjury. 
A  dose-dependent  reduction  in  this  ratio  was  observed  following  both  C4  and  T2  stimulation  (*P  <  0.05,  different  from  1,000  juA)  across  all  outcomes  (phasic, 
tonic,  and  total  nerve  activity),  with  the  greatest  reductions  in  this  ratio  occurring  following  the  highest  stimulation  intensities.  No  significant  time-dependent 
group  differences  were  observed,  although  this  ratio  was  consistently  lower  in  the  chronic  postinjury  time  point,  a  finding  that  is  consistent  with  increased  baseline 
tonic  activity  in  chronically  injured  rats.  Data  were  evaluated  using  2-way  repeated-measures  ANOVA  with  Holm-Sidak  post  hoc  tests  for  individual  comparisons 
(groups:  2-wk  C4,  n  =  8;  12-wk  C4,  n  =  8;  2-wk  T2,  n  =  7;  12-wk  T2,  n  =  7). 
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charge  patterns  that  resemble  what  is  observed  during  sponta¬ 
neous  breathing.  In  contrast,  direct  nerve  or  muscle  electrical 
stimulation  techniques  (e.g.,  functional  electrical  stimulation, 
or  FES)  typically  induce  synchronous  activation  of  axons 
within  the  electrical  field  and  do  not  recruit  motor  units  in  an 
orderly  fashion,  which  could  contribute  to  motor  unit  fatigue 
(Levy  et  al.  1990).  This  has  led  to  the  suggestion  that  spinal 
stimulation  methods  may  be  advantageous  compared  with  FES 
approaches  (Bamford  and  Mushahwar  2011;  DiMarco  and 
Kowalski  2013a;  Mondello  et  al.  2014;  Tator  et  al.  2012). 

The  current  study  is  the  first  to  explore  the  impact  of  HF-ES 
on  phrenic  and  XII  motor  output  after  subacute  and  chronic 
incomplete  cervical  SCI.  We  utilized  a  C2Hx  injury,  which 
axotomizes  bulbospinal  neurons  projecting  to  the  ipsilateral 
phrenic  motor  nucleus  (Goshgarian  2003).  The  resulting  paral¬ 
ysis  of  the  ipsilateral  diaphragm  is  transient,  and  a  small  but 
functionally  relevant  (Dougherty  et  al.  2012)  return  of  ipsilat¬ 
eral  diaphragm  inspiratory  bursting  occurs  over  weeks  to 
months  post-C2Hx  (Nantwi  et  al.  1999;  Pitts  1940).  Spontane¬ 
ous  activation  of  the  ipsilateral  diaphragm  after  C2Hx  results  at 
least  in  part  due  to  activation  of  latent  crossed  bulbospinal 
synaptic  projections  to  the  ipsilateral  phrenic  motor  nucleus 
(Goshgarian  2003,  2009).  There  also  may  be  a  contribution  of 
midcervical  interneurons  to  the  “crossed  phrenic  pathway” 
(Lane  2011;  Sandhu  et  al.  2009).  Regardless  of  the  specific 
neuroanatomical  substrate,  it  is  well  established  that  crossed 
phrenic  pathways  are  capable  of  considerable  plasticity  and 
that  the  relative  extent  of  ipsilateral  phrenic  motor  recovery 
after  C2Hx  can  be  enhanced  (Fuller  and  Mitchell  2017). 
Treatments  that  can  increase  phrenic  recovery  include  spinal 
serotonin  receptor  activation  (Ling  et  al.  1994;  Zhou  and 
Goshgarian  1999,  2000),  increased  brain-derived  neurotrophic 
factor  availability  (Gransee  et  al.  2013;  Mantilla  et  al.  2013), 
preconditioning  nerve  lesions  (Fuller  et  al.  2002;  Johnson  et  al. 
2000),  and  intermittent  hypoxia  exposure  (Fuller  et  al.  2003; 
Golder  and  Mitchell  2005;  Lovett-Barr  et  al.  2012).  Here  we 
investigated  whether  applying  HF-ES  with  a  continuous  para¬ 
digm,  similarly  to  stimulation  studies  targeting  increased  limb 
muscle  activation  (Angeli  et  al.  2014;  Harkema  et  al.  2011), 
can  induce  phrenic  motor  plasticity  on  short  timescales  in  rats 
with  subacute  (2  wk)  or  chronic  (12  wk)  C2Hx.  Both  thoracic 
and  cervical  HF-ES  were  able  to  potentiate  phrenic  bursting, 
but  some  differences  were  noted.  With  thoracic  stimulation, 
increases  in  phasic  (i.e.,  inspiratory  related)  activity  occurred 
after  both  subacute  and  chronic  injury.  In  contrast,  cervical 
HF-ES  did  not  increase  phasic  phrenic  bursting  at  the  subacute 
time  point,  but  did  so  after  chronic  injury.  Inflammatory 
processes  and  other  aspects  of  “spinal  shock”  (Hagg  and 
Oudega  2006)  occurring  in  the  cervical  cord  will  be  more 
prominent  at  the  subacute  time  point,  and  these  may  limit  the 
ability  for  cervical  HF-ES  to  activate  synaptic  pathways  to 


phrenic  motoneurons  to  increase  inspiratory  bursting.  It  should 
be  emphasized,  however,  that  HF-ES  evoked  robust  increases 
in  tonic  phrenic  output  in  subacutely  injured  rats,  similar  to  the 
tonic  response  after  chronic  injury.  This  differential  tonic  vs. 
phasic  response  at  the  subacute  time  point  suggests  that  HF-ES 
is  regulating  these  outputs  via  distinct  mechanisms. 

It  is  worth  noting  that  that  tonic  discharge  observed  in  our 
studies  is  similar  to  that  in  a  report  from  Alilain  et  al.  (2008), 
who  used  light-based  activation  of  cervical  neurons.  Stimula¬ 
tion  of  the  midcervical  spinal  cord  using  a  channel  rhodopsin 
method  also  evoked  increases  in  phrenic  bursting  across  the 
entire  respiratory  cycle.  In  that  report,  light-induced  neuronal 
activation  was  not  restricted  to  phrenic  motoneurons,  and  the 
result  was  tonic  phrenic  motoneuron  activation,  similar  to 
the  current  data.  Regardless  of  the  underlying  mechanisms,  the 
robust  increase  in  tonic  phrenic  discharge  raises  concerns  about 
the  impact  of  this  particular  HF-ES  paradigm  on  respiratory 
biomechanics.  More  specifically,  the  tonic  activity  and  sus¬ 
tained  diaphragm  contraction  are  unlikely  to  facilitate  lung 
inflation  and  alveolar  ventilation.  Accordingly,  future  studies 
of  spinal  epidural  stimulation  after  incomplete  SCI  need  to 
focus  on  the  pattern  of  diaphragm  motor  unit  activation  both 
during  (e.g.,  DiMarco  and  Kowalski  2009,  2011,  2013b;  Ko¬ 
walski  et  al.  2013)  and  after  stimulation  (e.g.,  as  in  the  current 
report).  Thus  it  appears  that  diffuse  stimulation  of  the  midcer¬ 
vical  spinal  cord  has  a  high  probability  of  evoking  tonic 
diaphragm  activation,  at  least  after  incomplete  cervical  SCI. 

Mechanisms  by  which  HF-ES  may  potentiate  phasic  and 
tonic  respiratory  motor  output.  Modeling  studies  indicate  that 
epidural  stimulation  is  not  effective  at  direct  motoneuron 
activation  and  that  activation  of  transynaptic  pathways  is  likely 
to  underlie  many  of  the  observed  motor  responses  (Capogrosso 
et  al.  2013).  In  addition,  the  HF-ES  approach  used  in  the 
current  study  likely  caused  diffuse  neuronal  activation  in  the 
vicinity  of  the  electrode.  Accordingly,  there  are  multiple  mech¬ 
anisms  that  may  contribute  to  HF-ES  induced  short-term  po¬ 
tentiation  of  ipsilateral  phrenic  discharge.  A  predominantly 
local  (spinal)  mechanism  (e.g.,  at  or  near  the  ipsilateral  phrenic 
motor  pool)  seems  most  likely  to  underlie  the  impact  of  HF-ES 
on  ipsilateral  phrenic  motor  output,  because  contralateral 
phrenic  and  XII  responses  were  much  lower.  However,  plas¬ 
ticity  in  respiratory  premotor  inputs  cannot  be  excluded  as  a 
contributing  factor,  because  HF-ES  also  induced  small  changes 
in  both  phasic  and  tonic  supraspinal  (XII)  motor  output.  On  the 
other  hand,  there  was  no  sustained  impact  of  HF-ES  on  brain 
stem  processes  driving  the  respiratory  rhythm,  because  the 
frequency  of  breathing  did  not  show  any  appreciable  changes. 

Activation  of  neuromodulatory  inputs  to  phrenic  motoneu¬ 
rons  could  have  contributed  to  persistently  increased  activity 
following  HF-ES.  The  caudal  raphe  nuclei  project  a  dense 
serotonergic  input  to  the  spinal  cord  (Alvarez  et  al.  1998; 


Fig.  8.  Impact  of  HF-ES  on  cardiovascular  parameters.  A:  representative  traces  depict  instantaneous  heart  rate  (HR;  beats/min)  and  mean  arterial  pressure  (MAP; 
mmHg)  from  a  rat  that  received  stimulation  to  the  C4  spinal  cord  2  wk  postinjury.  B :  expanded  traces  depict  instantaneous  HR  and  MAP  at  baseline  as  well  as 
during  and  after  each  bout  of  stimulation.  Arrows  in  A  indicate  locations  from  which  the  expanded  traces  shown  in  B  were  obtained.  Scale  bars  represent  1  min 
(A)  and  1  s  ( B ).  C  and  D :  stimulation-induced  changes  in  HR  and  MAP  for  rats  receiving  HF-ES  at  either  the  C4  (C)  or  the  T2  ( D )  spinal  level.  A  significant 
increase  in  HR  was  observed  following  C4  stimulation  in  rats  that  were  12  wk  postinjury.  MAP  was  significantly  increased  relative  to  baseline  during  stimulation 
at  both  500  (#P  <  0.05)  and  1,000  pA  (*P  <  0.05).  Following  T2  stimulation,  MAP  was  only  increased  with  stimulation  at  1,000  pA  (*P  <  0.05).  In  all  groups, 
HR  and  MAP  returned  to  baseline  following  cessation  of  stimulation.  *P  <  0.05,  different  from  100  pA.  #P  <  0.05,  different  from  500  pA.  %P  <  0.05,  different 
from  2  wk.  Data  were  evaluated  using  2-way  repeated-measures  ANOVA  with  Holm-Sidak  post  hoc  tests  for  individual  comparisons  (groups:  2-wk  C4,  n  = 
8;  12-wk  C4,  n  =  8;  2-wk  T2,  n  =  7;  12-wk  T2,  n  =  7). 
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Bowker  et  al.  1981a,  1981b,  1981c;  Steinbusch  1981),  includ¬ 
ing  phrenic  motoneurons  (Satriotomo  et  al.  2012)  as  well  as 
interneurons  that  are  synaptically  coupled  to  the  phrenic  motor 
pool  (Gonzalez-Rothi  EJ  and  Fuller  DD,  unpublished  observa¬ 
tions).  Following  C2Hx  injury,  there  is  a  gradual  return  of 
serotonergic  innervation  to  ipsilateral  phrenic  motoneurons 
(Tai  et  al.  1997),  and  the  amount  of  serotonin  immunostaining 
in  this  region  correlates  with  the  extent  of  phrenic  recovery 
(Golder  and  Mitchell  2005).  As  noted  above,  C4  HF-ES  did  not 
increase  phasic  inspiratory  output  in  the  phrenic  nerve  ipsilat¬ 
eral  to  C2Hx  at  2  wk  postinjury,  a  time  point  when  serotoner¬ 
gic  innervation  of  ipsilateral  phrenic  nucleus  is  quite  low 
(Golder  and  Mitchell  2005).  On  the  other  hand,  the  tonic 
phrenic  response  was  very  strong  when  HF-ES  was  given  at  the 
2-wk  time  point.  A  similarly  robust  increase  in  tonic  phrenic 
activity  can  be  evoked  by  systemic  delivery  of  the  serotonin 
precursor  molecule  5 -hydroxy tryptophan  after  both  acute  and 
chronic  C2Hx  injury  (Fing  et  al.  1994;  Zhou  and  Goshgarian 
2000).  Application  of  serotonin  in  an  in  vitro  rat  preparation 
trigger  also  increases  tonic  activity  to  such  an  extent  that  it  can 
obscure  rhythmic  inspiratory  bursting  in  the  4th  cervical  ven¬ 
tral  root  (Findsay  and  Feldman  1993).  The  similarity  between 
the  impact  of  pharmacologically  driven  serotonin  receptor 
activation  (Fing  et  al.  1994;  Zhou  and  Goshgarian  2000)  and 
the  response  to  HF-ES  may  indicate  similar  mechanisms  are 
driving  the  increases  in  tonic  activity. 

Another  possibility  is  that  short-term  potentiation  of  phrenic 
output  reflected  a  direct  impact  of  HF-ES  on  phrenic  motoneu¬ 
ron  membrane  biophysical  properties.  For  example,  persistent 
inward  currents  (PICs)  are  possible  in  phrenic  motoneurons, 
albeit  extremely  rare  (Enriquez  Denton  et  al.  2012).  Enriquez 
Denton  and  colleagues  reported  that  phrenic  motoneurons  are 
immunopositive  for  voltage-dependent  calcium  channels 
(Cav1.3),  and  through  neurophysiological  recordings  they  also 
identified  a  phrenic  motoneuron  with  PIC  activation.  The 
caveat  was  that  the  PIC  was  only  identified  following  inter¬ 
ruption  of  bulbospinal  inputs  to  the  phrenic  motoneuron  pool 
(i.e.,  as  occurs  for  ipsilateral  phrenic  motoneurons  following 
C2Hx  lesion).  Most  prominently,  phrenic  motoneurons  showed 
a  voltage-dependent  amplification  of  output  through  NMDA 
receptor  activation  (Enriquez  Denton  et  al.  2012).  The  HF-ES 
may  have  directly  (or  indirectly,  e.g.,  via  triggering  serotonin 
release;  Capogrosso  et  al.  2013)  triggered  motoneuron  depo¬ 
larization  and  modulation  of  voltage-dependent  synaptic  cur¬ 
rents,  or  possibly  even  PIC  activation  in  these  spinally  injured 
animals. 

A  final  consideration  is  that  high-frequency  stimulation  may 
have  altered  inhibitory  synaptic  inputs  to  phrenic  motoneurons. 
Studies  of  deep  brain  stimulation  have  reported  that  stimulation 
frequencies  greater  than  50  Hz  can  suppress  neuronal  discharge 
(Fafreniere-Roula  et  al.  2010),  and  this  inhibition  can  influence 
target/downstream  neural  circuits.  In  regard  to  the  phrenic 
motor  system,  inhibitory  inputs  to  phrenic  motoneurons  are 
active  across  the  respiratory  cycle  (Berger  1979)  and  play  a 
role  in  shaping  the  pattern  of  respiratory  output  (Marchenko  et 
al.  2015).  Thus  it  is  plausible  that  HF-ES  may  have  triggered 
disinhibition  of  phrenic  motoneurons,  resulting  in  an  increase 
in  tonic  activity  throughout  the  respiratory  cycle. 

C4  vs.  T2  stimulation.  Qualitatively  similar  potentiation  of 
phrenic  motor  output  occurred  regardless  of  whether  HF-ES 
was  applied  to  the  cervical  or  thoracic  spinal  cord,  particularly 


after  chronic  injury.  The  most  likely  explanation  is  that  cervi¬ 
cal  and  thoracic  stimulation  activated  the  same  propriospinal 
neurons  innervating  the  ipsilateral  phrenic  motoneuron  pool. 
Decima  and  colleagues  (Decima  and  von  Euler  1969a,  1969b; 
Decima  et  al.  1967,  1969)  provided  evidence  that  long  pro¬ 
priospinal  tracts  connect  thoracic  intercostal  motoneurons  with 
cervical  phrenic  motoneurons,  and  these  tracts  may  be  acti¬ 
vated  by  the  HF-ES  paradigm.  Fong  propriospinal  tracts  also 
originate  in  the  lumbar  spinal  cord,  and  traverse  the  thoracic 
spinal  cord  to  terminate  in  the  cervical  region  (Dutton  et  al. 
2006).  Indeed,  in  their  earlier  work,  Dimarco  and  Kowalski 
(2013b)  concluded  that  long  propriospinal  tracts  located  in  the 
lateral  funiculus  were  the  likely  candidate  neuronal  pathways 
mediating  respiratory  related  activation  of  diaphragm  motor 
units  via  HF-ES  of  the  thoracic  spinal  cord. 

Conclusion.  We  conclude  that  HF-ES  to  the  ventrolateral 
spinal  cord  can  potentiate  ipsilateral  phrenic  motor  output 
following  incomplete  high  cervical  SCI  and  that  this  appears  to 
reflect  primarily  a  local  spinal  mechanism.  Similar  phrenic 
potentiation  occurred  with  stimulation  of  the  midcervical  or 
high  thoracic  spinal  cord,  indicating  that  a  highly  selective 
electrode  placement  is  not  needed  to  evoke  this  response. 
Short-term  potentiation  of  phrenic  bursting  illustrates  that 
stimulation  of  the  injured  spinal  cord  can  trigger  respiratory 
plasticity,  and  this  potentially  could  be  harnessed  in  the  context 
of  neurorehabilitation  (Kasten  et  al.  2013;  McPherson  et  al. 
2015;  Mercier  et  al.  2017).  However,  the  substantial  increases 
in  tonic  phrenic  output  evoked  by  HF-ES  in  our  study  indicate 
that  the  continuous  stimulation  paradigm  used  is  unlikely  to  be 
useful  for  respiratory  muscle  activation  after  SCI.  The  in¬ 
creased  tonic  phrenic  discharge  highlights  the  need  for  future 
studies  of  epidural  stimulation  to  carefully  evaluate  the  pattern 
of  diaphragm  activation  evoked  by  stimulation.  In  this  regard, 
lower  stimulation  frequencies  (Gad  et  al.  2013;  Fu  et  al.  2016; 
Shah  et  al.  2016)  may  be  more  appropriate  for  activation  of 
respiratory  motor  units  after  incomplete  SCI.  A  recent  publi¬ 
cation  explored  the  impact  of  midcervical  (C3)  epidural  stim¬ 
ulation  in  anesthetized  mice  by  using  a  relatively  high  current 
(1.5  mA)  delivered  at  a  rate  of  20  Hz  (Huang  et  al.  2016).  This 
low-frequency  paradigm  did  not  impact  tidal  volume  but  did 
produce  an  increase  in  respiratory  rate  and  also  increased  the 
occurrence  of  spontaneous  sighs.  However,  we  are  not  aware 
of  any  published  reports  regarding  the  impact  of  low-frequency 
epidural  stimulation  on  respiratory  outcomes  after  SCI,  in 
either  the  acute  or  chronic  setting. 
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Midcervical  spinal  interneurons  form  a  complex  and  diffuse  network 
and  may  be  involved  in  modulating  phrenic  motor  output.  The  intent 
of  the  current  work  was  to  enable  a  better  understanding  of  midcer¬ 
vical  “network-level”  connectivity  by  pairing  the  neurophysiological 
multielectrode  array  (MEA)  data  with  histological  verification  of  the 
recording  locations.  We  first  developed  a  method  to  deliver  100-nA 
currents  to  electroplate  silver  onto  and  subsequently  deposit  silver 
from  electrode  tips  after  obtaining  midcervical  (C3-C5)  recordings 
using  an  MEA  in  anesthetized  and  ventilated  adult  rats.  Spinal  tissue 
was  then  fixed,  harvested,  and  histologically  processed  to  “develop” 
the  deposited  silver.  Histological  studies  verified  that  the  silver  depo¬ 
sition  method  discretely  labeled  (50-/xm  resolution)  spinal  recording 
locations  between  laminae  IV  and  X  in  cervical  segments  C3-C5. 
Using  correlative  techniques,  we  next  tested  the  hypothesis  that 
midcervical  neuronal  discharge  patterns  are  temporally  linked.  Cross¬ 
correlation  histograms  produced  few  positive  peaks  (5.3%)  in  the 
range  of  0-0.4  ms,  but  21.4%  of  neuronal  pairs  had  correlogram 
peaks  with  a  lag  of  >0.6  ms.  These  results  are  consistent  with 
synchronous  discharge  involving  mono-  and  polysynaptic  connections 
among  midcervical  neurons.  We  conclude  that  there  is  a  high  degree 
of  synaptic  connectivity  in  the  midcervical  spinal  cord  and  that  the 
silver-labeling  method  can  reliably  mark  metal  electrode  recording 
sites  and  “map”  intemeuron  populations,  thereby  providing  a  low-cost 
and  effective  tool  for  use  in  MEA  experiments.  We  suggest  that  this 
method  will  be  useful  for  further  exploration  of  midcervical  network 
connectivity. 

NEW  &  NOTEWORTHY  We  describe  a  method  that  reliably 
identifies  the  locations  of  multielectrode  array  (MEA)  recording  sites 
while  preserving  the  surrounding  tissue  for  immunohistochemistry. 
To  our  knowledge,  this  is  the  first  cost-effective  method  to  identify  the 
anatomic  locations  of  neuronal  ensembles  recorded  with  a  MEA 
during  acute  preparations  without  the  requirement  of  specialized  array 
electrodes.  In  addition,  evaluation  of  activity  recorded  from  silver- 
labeled  sites  revealed  a  previously  unappreciated  degree  of  connec¬ 
tivity  between  midcervical  interneurons. 
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midcervical  spinal  interneurons  form  a  complex  and  diffuse 
network  that  is  synaptically  coupled  to  both  respiratory  and 
nonrespiratory  motor  pools  (Gonzalez-Rothi  et  al.  2015;  Lane 
2011;  Lane  et  al.  2008b).  Several  groups  have  advanced  the 
hypothesis  that  midcervical  spinal  intemeurons  can  modulate 
phrenic  motoneuron  excitability  and  thereby  influence  the  neural 
control  of  the  diaphragm  (Bellingham  and  Lipski  1990;  Douse 
and  Duffin  1993;  Lane  et  al.  2008a, b;  Palisses  et  al.  1989). 
Although  there  is  some  direct  evidence  to  support  this  hypothesis 
(Marchenko  et  al.  2015;  Sandhu  et  al.  2015),  other  studies  have 
concluded  the  opposite  (Duffin  and  Iscoe  1996).  A  significant 
hurdle  in  testing  that  specific  hypothesis,  or  related  hypotheses 
regarding  cervical  interneuronal  circuits,  is  the  difficulty  of 
studying  the  “functional  connectivity”  in  diffuse  spinal  cord 
networks.  One  of  the  foremost  challenges  is  simultaneously 
recording  numerous  cells,  and  this  can  be  addressed  through 
the  use  of  multielectrode  arrays  (MEAs).  The  MEA  approach 
enables  simultaneous  recordings  of  multiple  sites,  but  histo¬ 
logically  identifying  each  recording  location  (vs.  the  electrode 
track)  while  also  preserving  tissue  integrity  poses  a  further 
challenge  (Borg  et  al.  2015;  Li  et  al.  2015;  Nuding  et  al.  2015). 
Thus  the  initial  thrust  of  the  current  work  was  modification  and 
validation  of  a  silver-labeling  technique  (Spinelli  1975)  to 
enable  postrecording  deposition  of  a  small  amount  of  silver 
(i.e.,  for  histological  marking)  from  the  tip  of  each  electrode  in 
an  MEA.  Additionally,  we  developed  an  electrical  circuit  to 
enable  the  use  of  small  currents  (100  nA)  for  silver  electro¬ 
plating  and  deposition  to  prevent  tissue  and  electrode  damage 
associated  with  high  levels  of  current  (Fung  et  al.  1998).  Using 
the  electroplated  MEA,  we  recorded  discharge  from  ensembles 
of  neurons  in  the  midcervical  (C3-C5)  spinal  cord  in  adult  rats 
and  demonstrated  a  practical  application  of  this  technique  by 
“matching”  the  array  electrodes  to  the  corresponding  anatomic 
locations  marked  by  silver. 

The  overall  intent  was  to  enable  a  better  understanding  of 
midcervical  spinal  discharge  and  “network-level”  connectivity 
by  pairing  the  neurophysiological  MEA  data  with  histological 
verification  of  the  recording  locations.  Thus,  using  correlative 
techniques  (Moore  et  al.  1970),  we  tested  the  hypothesis  that 
the  discharge  patterns  of  midcervical  (C3-C4)  spinal  neurons 
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are  temporally  linked  in  time  domains  consistent  with  mono- 
and  polysynaptic  connections.  In  addition,  midcervical  neuro¬ 
nal  discharge  patterns  were  assessed  relative  to  the  endogenous 
inspiratory  pattern,  measured  via  bilateral  phrenic  nerve  re¬ 
cordings,  to  determine  whether  bursting  was  temporally  linked 
to  phrenic  motoneuron  activity.  To  our  knowledge,  no  prior 
study  has  comprehensively  evaluated  the  temporal  characteris¬ 
tics  across  multiple  midcervical  neurons  using  MEA  technology. 
The  results  presented  herein  demonstrate  a  previously  unappreci¬ 
ated  degree  of  connectivity  and  indicate  a  high  prevalence  of 
temporally  related  discharge  patterns  between  midcervical  in¬ 
terneurons  with  characteristics  consistent  with  mono-  and  poly¬ 
synaptic  connections  and  provide  a  comprehensive  description 
of  a  cost-effective  histological  approach  for  validating  ana¬ 
tomic  locations  of  MEA  recording  sites. 

MATERIALS  AND  METHODS 

Animals.  All  experiments  were  conducted  with  adult  Sprague  - 
Dawley  rats  obtained  from  Envigo  (formerly  Harlan  Laboratories). 
Most  experiments  (n  =  12)  were  performed  with  untreated,  spinal- 
intact  rats.  A  subset  of  rats  ( n  =  2)  received  a  cervical  spinal  injury 
(C3/C4  lateralized  contusion,  force:  205  kDa,  displacement:  1,225 
jitm;  Infinite  Horizon  pneumatic  impactor;  Precision  Systems  and 
Instrumentation)  using  published  methods  from  our  group  (Lane  et  al. 
2012).  Spinal-injured  rats  were  allowed  to  recover  for  12  wk  before 
electrophysiology.  Histological  results  from  spinal-injured  animals 
were  used  to  determine  effectiveness  of  silver  labeling  and  to  compare 
micromotor  depths  relative  to  silver-labeling  depths.  Since  there  is 
evidence  suggesting  neurophysiological  properties  such  as  connectiv¬ 
ity  may  be  altered  following  spinal  cord  injury  (SCI;  Lane  et  al. 
2008b,  2009),  analysis  of  neurophysiology  was  limited  to  spinal-intact 
animals  {n  =  4).  All  rats  were  housed  in  pairs  in  a  controlled 
environment  (12:12-h  light-dark  cycles)  with  food  and  water  ad 
libitum.  All  experimental  protocols  were  approved  by  the  Institutional 
Animal  Care  and  Use  Committee  at  the  University  of  Florida. 

In  vivo  electrophysiology.  All  rats  were  anesthetized  with  3% 
isoflurane  (in  100%  02)  and  transferred  to  a  heated  station  where 
established  surgical  methods  (Lee  and  Fuller  2010;  Lee  et  al.  2009; 
Mahamed  et  al.  2011;  Sandhu  et  al.  2015;  Streeter  and  Baker-Herman 
2014a,b;  Strey  et  al.  2012)  were  used  to  set  up  electrophysiological 
experiments.  Core  body  temperature  was  maintained  at  37  ±  0.5°C 
with  a  servo-controlled  heating  device  (model  700  TC-1000;  CWE). 
A  tail  vein  catheter  was  placed  for  in  vivo  delivery  of  urethane 
anesthesia  and  fluids.  The  trachea  was  cannulated  (PE  240  tubing), 
and  rats  were  pump-ventilated  (Rodent  Ventilator  683;  Harvard  Ap¬ 
paratus;  volume:  approximately  3-2.5  ml;  frequency:  70/min).  Once 
ventilated,  C02  was  added  [fraction  of  inspired  carbon  dioxide 
(EcoJ:  <3%]  to  maintain  end-tidal  C02  (EtC02)  between  approxi¬ 
mately  40  and  50  mmHg  throughout  the  protocol  (Capnogard;  Respi- 
ronics).  Tracheal  pressure  was  monitored  and  lungs  were  periodically 
hyperinflated  (2-3  breaths)  to  prevent  atelectasis  ( —  1/h).  A  bilateral 
vagotomy  was  performed.  Rats  were  slowly  converted  (6  ml/h; 
Harvard  Apparatus  syringe  pump)  to  urethane  anesthesia  (1.7  g/kg  in 
vivo  in  distilled  water),  and  isoflurane  was  withdrawn.  A  femoral 
arterial  catheter  (PE  50  tubing)  was  placed  to  monitor  blood  pressure 
(TA-100;  CWE)  and  sample  blood  gases  (i-STAT  1  Analyzer;  Abbott) 
throughout  the  protocol.  Using  a  dorsal  approach,  the  left  and  right 
phrenic  nerves  were  isolated,  cut  distally,  and  partially  desheathed  (—1/2 
the  length  of  the  exposed  nerve).  A  midline  incision  extending  from  the 
base  of  the  skull  to  midthoracic  region  was  made,  and  spinal  vertebrae 
C3-T2  were  exposed.  Using  a  nose  clamp  and  T2  spinous  process,  the 
rat  was  slightly  elevated  off  the  table  to  reduce  ventilator-induced 
motion  artifact  and  level  the  spinal  cord.  A  laminectomy  was  per¬ 
formed  from  C3  to  C6,  the  dura  was  cut  and  reflected  back,  and  the  pia 
was  gently  removed  at  the  MEA  insertion  point.  A  unilateral  pneu¬ 


mothorax  was  performed  to  decrease  chest  wall  movement,  and 
positive  end-expiratory  pressure  (PEEP)  of  approximately  1-2  cm  of 
water  was  applied  to  prevent  atelectasis.  Animals  received  the  neu¬ 
romuscular  paralytic  pancuronium  bromide  (2.5  mg/kg  in  vivo;  Hos- 
pira)  to  eliminate  spontaneous  breathing  efforts.  Adequate  depth  of 
anesthesia  was  monitored  by  assessing  blood  pressure  responses  to  toe 
pinch,  and  urethane  supplements  were  given  as  necessary.  Blood 
pressure  and  fluid  homeostasis  were  maintained  by  a  slow  infusion  of 
a  1:3  solution  (8.4%  sodium  bicarbonate/Ringer  lactate  in  vivo). 

Bilateral  phrenic  nerve  output  was  recorded  using  custom-made 
bipolar  suction  electrodes  filled  with  0.9%  saline.  Compound  action 
potentials  were  amplified  (20,000 X;  P511;  Grass  Instmment),  band-pass 
filtered  (3  Hz  to  3  kHz),  digitized  [16-bit,  25,000  samples  per  second  per 
channel;  Powerl401;  Cambridge  Electronic  Design  (CED),  Cambridge, 
UK],  and  integrated  (time  constant:  20  ms)  in  Spike2  v8  software 
(CED).  A  custom-made  MEA  similar  to  that  originally  designed  at  the 
University  of  South  Florida  by  Morris  and  colleagues  (1996)  and  used 
in  our  previous  report  (Sandhu  et  al.  2015)  was  used  to  record  bilateral 
midcervical  (C3-C5)  spinal  activity  (Fig.  1A).  The  array  contained  16 
tungsten  electrodes  coated  with  Epoxy lite  insulation  (impedance: 
10  ±  1  MIT;  shank  diameter:  125  ja m;  tip  diameter:  <1  jam;  cat.  no. 
UEWLEGSE0N IE;  FHC;  Fig.  IB).  A  key  feature  of  this  array  is  the 
ability  to  control  the  depth  of  each  of  the  electrodes  independently 
using  micromotors.  This  greatly  improves  the  recording  yield  by 
allowing  the  experimenter  to  “hold”  a  recording  on  1  electrode  while 
continuing  to  search  for  neurons  with  other  electrodes.  The  array  was 
mounted  on  a  stereotaxic  frame,  and  8  electrodes  arranged  in  2 
staggered  rows  of  4  were  placed  into  each  hemicord  at  the  dorsal  root 
entry  zone  (Fig.  1C).  The  inner  distance  between  the  2  sets  of  8 
electrodes  was  —1  mm,  whereas  the  distance  between  electrodes 
within  each  row  was  —300  jam  (Fig.  ID).  Electrodes  tips  were 


Fig.  1.  Multielectrode  array.  A:  multielectrode  recording  array  containing  16 
tungsten  fine  wire  electrodes  each  controlled  by  micromotors  and  held  in  place 
by  the  array  guide.  B:  high-resolution  image  of  the  electrode  tips  maintained  in 
a  “fixed  matrix”  by  the  array  guide.  C:  image  of  the  electrodes  positioned  in  the 
dorsal  C4  spinal  cord  at  the  dorsal  root  entry  zone  (e.g.,  black  arrows).  D : 
schematic  of  the  recording  matrix  consisting  of  8  electrodes  arranged  in  2 
staggered  rows  of  4.  The  inner  distance  between  the  2  sets  of  8  electrodes  was 
—  1  mm,  and  the  distance  between  electrodes  within  each  row  was  —300  jam. 
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maintained  in  this  “fixed  matrix”  by  the  array  guide.  One  by  one, 
electrodes  were  advanced  into  the  spinal  cord  while  audio  was 
monitored  until  single  units  with  —3:1  signal-to-noise  ratio  were 
discriminated.  Neural  signals  from  single  electrodes  were  amplified 
(5,000X),  band-pass  filtered  (3-3  kHz),  digitized  (16-bit,  25,000 
samples  per  second  per  channel;  Powerl401;  CED),  and  recorded 
with  Spike2  v8  software  (CED).  Once  phrenic  nerve  activity  and 
spinal  discharge  was  stable,  “baseline  activity”  was  recorded  with 
fraction  of  inspired  oxygen  (FiQ2)  set  to  0.50.  Using  experimental 
procedures  similar  to  our  previous  studies  (Sandhu  et  al.  2015;  Strey 
et  al.  2012),  the  inspiratory  gas  mixture  was  altered  using  adjustable 
flowmeters  to  expose  rats  to  a  5-min  period  of  hypoxia  (Fi02:  0.11) 
followed  by  15  min  of  baseline  oxygen  levels  (Fi02:  0.50).  Silver 
deposition  was  performed  immediately  after  the  neurophysiology 
protocol.  An  arterial  blood  gas  was  sampled  during  baseline  and 
hypoxia  to  ensure  blood  gases  were  within  physiological  limits. 

Analysis  of  electrophysiological  signals.  All  electrophysiological 
data  were  collected  and  sorted  using  Spike2  v8  software  (CED). 
Extracellular  action  potentials  from  individual  neurons  were  extracted 
from  continuous  recordings  and  converted  to  waveforms  using  spike¬ 
sorting  tools  of  the  acquisition  software.  Briefly,  spikes  were  clustered 
using  at  least  80%  template  matching  and  principal  component  analyses. 
Sorted  spikes  were  exported  and  analyzed  using  custom  MATLAB 
software  (MathWorks  R2015a).  A  standard  set  of  analyses  (spike 
interval  histograms,  cycle-triggered  histograms,  and  spike-triggered 
averages)  were  performed  to  phenotype  each  neuron  electrophysi- 
ologically.  Interval  histograms  were  created  for  each  spike  train  to 
ensure  only  single-unit  activity  was  represented  in  each  waveform. 
Similar  to  previous  studies  (Galan  et  al.  2010;  Sandhu  et  al.  2015), 
cycle-triggered  histograms  were  used  to  assess  the  preferred  respira¬ 
tory  modulation  of  each  recorded  neuron  relative  to  the  phase  of  the 
respiratory  cycle  defined  by  phrenic  nerve  activity  (Cohen  1968). 
Using  the  integrated  phrenic  nerve  output,  the  beginning  and  end  of 
the  inspiratory,  and  therefore  expiratory,  phases  were  calculated  as  a 
departure  of  phrenic  nerve  activity  >15  standard  deviations  above  the 
average  activity  during  the  expiratory  phase.  Cycle-triggered  histo¬ 
grams  were  constructed  for  each  neuron  by  dividing  the  respiratory 
period  into  20  bins  of  equal  size,  and  spikes  were  counted  within  each 
bin  and  summated  over  50  consecutive  breaths  during  baseline, 
hypoxia,  and  posthypoxia.  To  determine  whether  neurons  were  respi- 
ratory-modulated,  the  spikes  occurring  during  bins  of  the  inspiratory 
phase  were  separated  from  those  occurring  during  the  expiratory 
phase,  and  the  Wilcoxon  signed-rank  test  was  used  to  test  the  null 
hypothesis  (i.e.,  no  difference  between  inspiration  and  expiration). 
Cervical  spinal  neurons  were  classified  into  four  categories:  1 )  neu¬ 
rons  that  discharged  primarily  during  the  inspiratory  period  (i.e., 
inspiratory-modulated;  waveform  1  in  Fig.  7,  C  and  D)\  2)  neurons 
that  discharged  primarily  during  the  expiratory  period  (i.e.,  expirato- 
ry-modulated;  waveform  1  in  Fig.  7,  H  and  /);  3)  neurons  that 
discharged  without  respiratory  modulation  (i.e.,  tonic;  waveform  2  in 
Fig.  7,  C,  D,  H,  and  /);  and  4)  neurons  that  ceased  firing  at  time  points 
after  baseline  and  were  labeled  as  inactive  at  that  time  point. 

Spike-triggered  averaging  of  raw  and  rectified  phrenic  nerve  activ¬ 
ity  was  used  to  examine  the  temporal  relationship  of  neuronal  wave¬ 
forms  and  phrenic  motor  output  (Lipski  et  al.  1983).  Short-latency, 
offset  peaks  in  the  raw  and  rectified  phrenic  nerve  average  provided 
evidence  that  the  recorded  neuron  was  a  phrenic  motoneuron  (Christa- 
kos  et  al.  1994).  If  features  were  not  detected  using  spike-triggered 
averaging,  the  recorded  cell  was  classified  as  a  spinal  intemeuron. 
Cross-correlation  histograms  were  constructed  for  all  possible  pairs  of 
simultaneously  recorded  neurons  using  a  bin  width  of  0.2  ms  to 
evaluate  functional  connectivity  (Moore  et  al.  1970).  Similar  to 
published  methods  (Aertsen  and  Gerstein  1985),  the  detectability 
index  (DI)  was  calculated  for  each  cycle-triggered  histogram  as  the 
peak  relative  to  average  background  activity  (calculated  during  the 
interval  —15  to  —3  ms  before  0)  divided  by  the  standard  deviation. 
Only  significant  features  occurring  with  a  positive  lag  (e.g.,  >0)  were 


counted.  Features  were  considered  significant  if  the  DI  was  >3 
(Meissen  and  Epping  1987).  Central  peaks  (0-0.4  ms)  between  a  pair 
of  neurons  supported  synchronous  firing  between  neurons,  whereas 
offset  peaks  (>0.6  ms)  indicated  functional  excitation  between  the 
trigger  and  target  neurons. 

Plating  electrodes  and  depositing  silver.  Methods  for  electroplating 
and  depositing  silver  described  previously  (Spinelli  1975)  were 
adapted  for  use  with  ME  A  recordings.  For  each  electrode,  silver  was 
electroplated  (Fig.  2A)  and  deposited  (Fig.  2 B)  using  tightly  controlled 
and  monitored  direct  current  (DC)  circuits.  The  circuits  consisted  of 
an  electrode  selection  interface  (i.e.,  breakout  box),  two  9-V  batteries, 
a  custom-built  /xCurrent  control  device  (Bare  Electronics,  Gainesville, 
FL),  a  /xCurrent  Precision  nA  Current  Measurement  Assistant  v3  (cat. 
no.  882;  EEVblog  Adafruit  Industries),  and  a  digital  multimeter 
(model  61-340;  Ideal  Industries)  all  connected  with  copper  patch 
cables.  Specifications  of  the  /xCurrent  control  circuit  are  provided  in 
Fig.  2C.  Before  each  experiment,  15  of  the  16  fine  wire  tungsten 
electrodes  were  electroplated  with  dissolved  silver  cations  in  an 
electrolyte  solution  (AgN03/KCN),  and  an  uninsulated  silver  wire 
(100  mm,  0.025-in.  diameter;  cat.  no.  783500;  A-M  Systems)  was 
used  as  the  anode  in  the  solution  (Fig.  2A).  The  electrolyte  solution 
was  prepared  by  mixing  equal  parts  of  1%  potassium  cyanide  and  1% 
silver  nitrate.  The  circuit  was  tested  before  each  use  by  electroplating 
silver  onto  copper  wire  to  ensure  proper  connections  and  current 
settings.  Immediately  following  the  testing  procedure,  the  tip  of  each 
individual  electrode  was  introduced  to  the  electrolyte  solution  (as  the 
cathode)  for  100  s  at  100  nA.  Electrodes  used  to  deposit  silver  were 
replated  before  each  experiment.  In  a  subset  of  experiments  (n  =  3), 
2  of  the  16  electrodes  were  coated  with  the  lipophilic  fluorescent  dye 
1,1'  -dioctadecyl-3 ,3 ,3 '  ,3 '  -tetramethylindocarbocy  anine  perchlorate 
[‘DiF;  DiIC18(3);  Dil;  cat.  no.  D282;  Thermo  Fisher  Scientific]  after 
electrodes  were  electroplated  with  silver  and  before  electrophysiol¬ 
ogy.  Each  electrode  was  repeatedly  dipped  (—10  times)  in  Dil  (50 
mg/ml  in  ethanol)  and  allowed  to  dry  for  5  s  between  each  dip 
(DiCarlo  et  al.  1996). 

Subsequent  to  ensemble  recordings  of  individual  neurons,  elec¬ 
trodes  were  left  in  place  while  the  MEA  was  disconnected  from  the 
acquisition  system  and  attached  to  the  electrode  selection  interface 
(i.e.,  breakout  box;  Fig.  2 B).  Sites  to  be  labeled  were  chosen  based  on 
the  quality  of  the  signals  during  the  electrophysiological  recordings. 
The  circuitry  was  connected  as  in  the  plating  procedure  with  the 
exception  that  electrode  16  was  used  as  the  cathode  and  the  individual 
electrode  chosen  for  labeling  was  treated  as  the  anode.  Electroplated 
silver  was  released  from  the  electrode  tip  using  a  100-nA  current  for 
10-100  s.  Tissue  was  fixed  approximately  15-30  min  after  silver  was 
deposited  (described  below). 

Tissue  preparation.  Animals  were  transcardially  perfused  with 
ice-cold  saline  followed  by  4%  paraformaldehyde  (PFA;  cat.  no. 
19210;  Electron  Microscopy  Sciences)  in  IX  Dulbecco  phosphate- 
buffered  saline  (DPBS;  cat.  no.  21-030-CV;  Mediatech).  Spinal  tissue 
was  harvested  and  postfixed  in  4%  PFA  overnight  at  4°C.  The  cervical 
spinal  cord  was  subsequently  blocked  (C3-C6;  approximately  8-9 
mm  of  tissue)  and  cryoprotected  in  30%  sucrose  in  IX  DPBS 
overnight  at  4°C.  The  spinal  cord  was  embedded  in  optimal  cutting 
temperature  compound  (OCT;  cat.  no.  23-730-571;  Fisher  Scientific), 
flash-frozen  using  2-methylbutane  and  dry  ice,  and  transversely  cut  at 
40  jxm  on  a  cryostat  (Microm  HM  500;  GMI).  Sections  for  silver 
labeling  were  placed  into  12- well  trays  (cat.  no.  3737;  Corning) 
containing  Corning  Netwell  inserts  (2  sections  per  well;  15 -mm 
diameter,  mesh  size  of  74  /xm;  cat.  no.  3477;  Corning)  filled  with 
glass-distilled  water  (—4  ml  per  well).  Sections  for  immunohisto- 
chemistry  were  placed  in  96-well  plates  containing  IX  DPBS. 

Silver  staining  protocol.  Silver  staining  was  performed  immedi¬ 
ately  after  sectioning.  Because  of  the  sensitivity  of  the  reaction,  all 
trays,  glassware,  and  instruments  used  for  staining  protocol  were 
thoroughly  acid  washed  (1%  HC1)  before  staining  to  eliminate  con¬ 
tamination  and  remove  nonspecific  catalysts.  Plastic  12- well  trays 
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Silver  Plating 


B  Silver  Deposition  C  Constant  Current  Board 


Fig.  2.  Silver  electroporation  and  deposition  circuits.  Both  circuits  consisted  of  an  electrode  selection  interface  (i.e.,  breakout  box)  connected  to  the  array  by  a 
DB9  connector,  2  9-V  batteries  connected  in  series,  a  custom-built  ^Current  control  device  (constant  current  board),  a  ^Current  Precision  nA  Current 
Measurement  Assistant  (uCurrent  Box),  and  a  digital  multimeter  connected  via  copper  patch  cables  (thick  black  lines).  A:  for  the  silver  electroplating  circuit,  the 
array  was  connected  as  the  cathode  to  the  electrode  selection  box  (breakout  box)  while  an  uninsulated  silver  wire  was  placed  in  the  electrolyte  solution 
(KCN/AgN03)  and  used  as  the  anode.  The  ^Current  box  was  connected  to  breakout  box  corresponding  to  the  electrode  to  be  plated  (Chl-15).  B :  for  the  silver 
deposition  circuit,  the  polarity  of  the  circuit  was  reversed  with  breakout  box  used  to  select  the  reference  channel  (cathode/Chl6)  and  the  electrode  to  be  deposited 
(anode/Chl-15).  C:  the  ^Current  control  device  uses  an  NPN  transistor  (Q1  PN2222A)  to  regulate  current  (/)  from  the  power  source  (2  9-V  batteries;  B1  and 
B2)  through  a  load  between  J1  (i.e.,  connector  to  ^Current  box)  and  J2  [i.e.,  connector  to  silver  wire  (A)  or  electrode  (5)].  Two  small-signal  diodes,  D3  and  D4 
(1N4148),  provide  a  fixed  voltage  (—1.25  VDC)  used  in  parallel  with  voltage  divider  (R4).  This  adjustable  voltage  divider  controls  the  base  current  (4)  delivered 
to  the  transistor  so  that  the  emitter  current  of  the  transistor  produces  a  stable  current  of  100  nA.  As  load  between  J1  and  J2  changes,  the  transistor  actively  alters 
the  voltage,  and  therefore  current,  drop  across  collector  (C)  to  emitter  (E),  maintaining  a  constant  voltage  (across  R3).  Current  was  monitored  by  an  EEVblog 
^Current  Precision  nA  Current  Measurement  Assistant  v3  with  a  consumer- grade  multimeter  and  adjusted  to  maintain  100  nA. 


containing  the  developer  solution  were  discarded  after  used  for  a 
single  tray  of  tissue,  whereas  all  other  trays  were  discarded  after  each 
animal.  Netwell  mesh  inserts  were  soaked  in  bleach  between  each 
animal.  The  deposited  silver  was  developed  as  previously  described 
(Spinelli  1975).  Briefly,  stock  solutions  were  prepared  as  outlined  in 
Table  1.  The  hydrogen  peroxide  solution  was  covered  in  foil  through¬ 
out  the  entire  protocol  due  to  its  light  sensitivity,  and  the  hydroqui- 
none  and  citric  acid  solution  was  made  in  the  same  bottle.  The 
developer  was  made  fresh  for  each  12- well  tray  of  tissue  by  mixing 
the  3  stock  solutions  (acacia,  silver  nitrate,  and  hydroquinone/citric 
acid)  5  min  before  use  (at  the  start  of  step  9).  All  steps  were  carried 
out  in  a  fume  hood,  and  light  exposure  was  limited  while  mixing 
developer  solution  and  during  “developing”  by  turning  off  the  fume 
hood  light. 

The  solutions  were  poured  into  either  200-ml  glass  petri  dishes  (cat. 
no.  3160152BO;  Corning)  or  12-well  plastic  trays  according  to  the 
step  (see  Table  1)  and  arranged  in  order  of  the  staining  sequence.  To 
maintain  precision  during  the  staining  protocol,  staining  was  per¬ 
formed  in  “rounds,”  where  each  round  contained  3  trays  of  tissue 
(~l-mm  tissue  per  tray).  Trays  were  staggered  by  5  min,  and  all  3 
trays  of  tissue  were  stained  from  start  to  finish.  Rounds  were  repeated 
until  all  tissue  was  stained.  The  Netwell  mesh  inserts  were  transported 
through  the  staining  sequence  using  a  Netwell  carrier  kit  with  handles 
(cat.  no.  3520;  Corning)  to  allow  simultaneous  processing  and  ensure 
all  wells  were  in  each  solution  for  the  appropriate  time.  Following 
staining,  tissue  was  stored  at  4°C  in  Netwells  filled  with  distilled 
water.  Sections  were  mounted  onto  charged  microscope  slides  (cat. 
no.  12-550-15;  Fisher  Scientific)  using  IX  PBS  and  allowed  to  dry  for 
48-72  h.  Sections  were  counterstained  with  cresyl  violet  covered  with 
mounting  medium  (cat.  no.  4111;  Thermo  Scientific)  and  cover- 
slipped.  Images  were  captured  with  bright-field  microscopy  using  a 
Microscope  Axio  Imager.A2  (Carl  Zeiss  Microscopy).  Images  were 
stitched  and  white  balanced  using  Adobe  Photoshop.  Anatomic  loca¬ 
tions  of  the  silver-labeled  sites  within  the  spinal  laminae  were  iden¬ 
tified  using  the  Atlas  of  the  Spinal  Cord  (Sengul  et  al.  2012).  All 


representative  spinal  cord  images  reflect  camera  lucida-style  drawings 
of  our  histological  images  or  C4  spinal  section  in  the  same  atlas.  The 
depth  of  silver-labeled  sites  were  determined  using  10X  photomicro¬ 
graphs  and  adjusted  by  10%  to  account  for  tissue  contraction  during 
the  fixation  and  histological  processing  based  on  estimates  of  prior 
investigations  (Deutsch  and  Hillman  1977;  Quester  and  Schroder 
1997). 

lmmunohisto chemistry.  Initial  immunohistochemistry  (IHC)  exper¬ 
iments  determined  the  order  in  which  IHC  should  be  performed  to 
achieve  optimal  fluorescent  staining  using  tissue  that  did  not  contain 
deposited  silver.  IHC  was  performed  either  before  or  immediately 
after  silver  staining  using  two  common  markers  (e.g.,  GFAP  and 
NeuN).  Using  the  optimal  staining  order,  a  subsequent  experiment 
was  performed  with  tissue  containing  deposited  silver.  All  IHC  was 
performed  with  free-floating  sections  in  96-well  plates.  All  tissue  was 
washed  with  1 X  PBS  with  0.2%  Triton  X-100  (3X5  min).  For  NeuN 
staining,  tissue  was  incubated  for  40  min  at  room  temperature  in  10% 
normal  goat  serum  (NGS)  in  1 X  PBS  with  0.2%  Triton  X-100.  Spinal 
sections  were  then  incubated  for  1  h  at  room  temperature  followed  by 
72  h  at  4°C  in  the  primary  antibody  solution:  10%  NGS  in  IX  PBS 
with  0.2%  Triton  X-100  and  NeuN  (mouse  anti-NeuN,  1:1,400;  cat. 
no.  MAB377;  Millipore).  Tissue  was  washed  with  IX  PBS  (3X5 
min)  and  incubated  in  the  secondary  antibody  solution  for  1  h  at  room 
temperature:  10%  NGS  in  IX  PBS  and  Alexa  Fluor  488  (goat 
anti-mouse,  1:500;  cat.  no.  A11029;  Invitrogen).  Following  incuba¬ 
tion,  tissue  was  washed  with  IX  PBS  (3X5  min).  For  GFAP 
staining,  tissue  was  incubated  for  60  min  at  room  temperature  in  5% 
normal  goat  serum  (NGS)  in  1 X  PBS  with  0.2%  Triton  X-100.  Spinal 
sections  were  then  incubated  for  1  h  at  room  temperature  and  over¬ 
night  at  4°C  in  the  primary  antibody  solution:  5%  NGS  in  IX  PBS 
with  0.2%  Triton  X-100  and  GFAP  (mouse  anti-GFAP,  1:200; 
G8393;  Sigma- Aldrich).  Tissue  was  washed  with  IX  PBS  with  0.2% 
Triton  X-100  (3  X  5  min)  and  then  incubated  in  the  secondary 
antibody  solution  for  1  h  at  room  temperature:  5%  NGS  in  IX  PBS 
with  0.2%  Triton  X-100  and  Alexa  Fluor  594  (goat  anti-mouse,  1:500; 
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Table  1.  Silver  staining  protocol 


Dish  no. 

Contents 

Time 

Volume/Tray 

1 

dH20 

5  min 

150  ml/dish 

2 

dH20 

5  min 

150  ml/dish 

3* 

1%  (NH4)2S 

5  min 

48  ml/tray 

4*’f 

0.125%  H202 

5  min 

48  ml/tray 

5 

dH20 

5  min 

150  ml/dish 

6 

dH20 

5  min 

150  ml/dish 

7* 

1%  ascorbic  acid 

5  min 

48  ml/tray 

8 

dH20 

5  min 

150  ml/dish 

9 

dH20 

5  min 

150  ml/dish 

10*'  f 

Developer 

8  min 

25%  acacia 

16  ml  (48  ml/tray) 

2%  hydroquinone,  5% 

16  ml  (48  ml/tray) 

citric  acid 

1%  AgN02 

16  ml  (48  ml/tray) 

11 

dH20 

Quick  rinse 

150  ml/dish 

12 

dH20 

Quick  rinse 

150  ml/dish 

13 

dH20 

Quick  rinse 

150  ml/dish 

14 

1%  Na2S204-2H20 

3-4  min 

150  ml/dish 

15 

dH2Q 

Quick  rinse 

150  ml/dish 

Sequence  of  solutions  necessary  to  develop  histologically  the  deposited 
silver  adapted  from  Spinelli  (1975).  Solutions  were  prepared  and  arranged  in 
the  order  of  the  staining  sequence  in  either  glass  petri  dishes  or  plastic  trays. 
Volumes  of  solution  were  calculated  for  1  12- well  tray  of  tissue  (24  sections; 
~1  mm  of  tissue).  Boldface  text  indicates  the  steps  in  which  solutions  were 
changed  after  processing  1  tray  of  tissue,  and  remaining  steps  indicate 
solutions  were  changed  after  processing  3  trays  of  tissue.  Store  in  distilled 
water  (dH20)  at  4°C  until  ready  to  mount  on  charged  slides,  counterstain,  and 
then  cover  with  mounting  medium.  *  PI  ace  solution  in  a  12-well  tray,  f  Light- 
sensitive  solutions.  Change  solution  every  3  times  except  for  boldface,  which 
indicates  change  solutions  every  time. 

cat.  no.  A11005;  Life  Technologies).  Following  incubation,  tissue  was 
washed  with  cold  1 X  PBS  (3  X  5  min).  Sections  were  mounted  on 
positively  charged  glass  slides  (cat.  no.  12-550-15;  Fisher  Scientific), 
covered  with  VECTASHIELD  Antifade  Mounting  Medium  (cat.  no. 
HI -1200;  Vector  Laboratories),  and  coverslipped.  Slides  were  air- 
dried  and  stored  at  4°C.  All  fluorescent  images  were  captured  at  X 10, 
X20,  and  X40  magnification  with  a  Microscope  Axio  Imager. A2 
(Carl  Zeiss  Microscopy). 

RESULTS 

Optimization  of  silver  deposition  from  ME  As  and  subsequent 
histological  development  to  enable  visualization  of  recording 
locations .  Initial  experiments  determined  the  parameters  needed 
to  deposit  and  identify  silver  in  the  spinal  cord  without  emphasis 
on  recording  neuronal  bursting  from  the  electrodes.  As  the  DC 
resistance  of  the  commercially  purchased  recording  electrodes 
was  constant  and  the  current  used  for  electroplating  silver  onto 
the  electrodes  was  standardized  (as  described  in  materials  and 
methods),  we  assessed  the  impact  of  two  critical  variables  on 
the  histological  appearance  of  silver  in  the  spinal  cord:  7)  the 
duration  of  deposition  current;  and  2)  the  duration  of  histolog¬ 
ical  development.  Figure  3  shows  representative  images  of 
silver  labeling  obtained  at  different  durations  of  deposition  and 
histological  development  that  demonstrate  the  variability  of 
silver  staining  achieved  by  altering  these  parameters.  Consis¬ 
tent  and  discrete  labeling  at  a  resolution  between  approxi¬ 
mately  25  and  50  jutm  was  obtained  when  current  used  to 
deposit  silver  was  applied  for  50  s  and  tissue  was  developed  for 
7-10  min  (Fig.  3,  A  and  B).  When  deposition  current  of  <50  s 
was  applied,  few  apparent  labels  were  detected,  presumably 
due  to  an  inadequate  amount  of  silver  ions  necessary  for 


visualization.  In  contrast,  deposition  of  80-100  s  resulted  in  a 
“halo  effect”  that  increased  the  silver-labeled  area  to  approxi¬ 
mately  100-150  fim  (Fig.  3,  C  and  D ),  most  likely  due  to  a 
broad  distribution  of  deposited  silver.  Similarly,  histological 
development  of  <7  min  was  not  long  enough  to  “develop”  the 
deposited  silver  required  to  visualize  the  label,  whereas  pro¬ 
longed  exposure  to  the  developing  solution  tended  to  darken 
large  areas  of  the  section  thus  confounding  differentiation  due 
to  insufficient  contrast  (data  not  shown). 

We  next  verified  that  the  sites  of  silver  deposition  repre¬ 
sented  the  location  of  the  tip  (i.e.,  recording  location)  of  a 
given  electrode.  In  a  subset  of  animals  (n  =  2  with  silver 
processing,  n  =  1  unprocessed  positive  control),  2  of  the  16 
silver-plated  electrodes  were  coated  with  the  fluorescent  lipo¬ 
philic  dye  Dil  to  visualize  the  tracks  associated  with  the 
electrode  insertion  (DiCarlo  et  al.  1996;  Marton  et  al.  2016; 
Naselaris  et  al.  2005).  Although  Dil  was  readily  detected  in 
unprocessed  tissue  (data  not  shown),  Dil  could  not  be  detected 
after  the  histological  processing  required  for  silver  labeling. 
Therefore,  we  conclude  these  two  techniques  are  not  compat¬ 
ible.  However,  in  several  histological  sections,  an  electrode 
track  could  be  identified  terminating  at  the  silver-labeled  site 
(Fig.  3 E).  This  is  consistent  with  the  interpretation  that  the 
silver-labeled  site  is  located  at  the  tip  of  the  electrode. 

Another  objective  was  to  determine  whether  the  silver- 
labeling  method  could  be  coupled  with  fluorescent  immuno- 
histochemistry  (IHC)  procedures.  Accordingly,  we  performed 
IHC  with  two  markers  commonly  used  in  the  central  nervous 
system  (GFAP  and  NeuN)  either  before  or  immediately  after 
histological  processing  for  silver  development.  These  markers 
were  chosen  due  to  their  ability  to  label  astrocytes  (Bignami  et 
al.  1972)  and  neurons  (Wolf  et  al.  1996).  Fluorescent  staining 
was  detected  in  both  cases  but  was  more  robust  when  IHC  was 
performed  after  the  silver  staining  procedures  (data  not 
shown),  indicating  IHC  (at  least  for  these  commonly  used 
markers)  is  compatible  with  the  histological  processing  steps 
necessary  to  develop  the  silver.  Using  this  staining  order,  we 
determined  the  location  of  deposited  silver  relative  to  NeuN- 
positive  cells.  Representative  photomicrographs  from  a  C4 
spinal  section  depicting  positive  silver  labeling  in  the  interme¬ 
diate  gray  is  shown  in  Fig.  4 A.  Fluorescent  labeling  of  the  same 
section  stained  with  NeuN  and  4',6'-diamidino-2-phenylindole 
(DAPI)  are  shown  in  Fig.  4 B.  High-magnification  images  of 
the  silver-labeled  site  suggest  the  recording  electrode  was  in 
close  proximity  to  a  NeuN-positive  neuron  (Fig.  4 B).  These 
qualitative  results  demonstrate  that  the  silver-labeling  tech¬ 
nique  can  be  coupled  with  fluorescent  IHC. 

Using  silver  labeling  to  identify  anatomic  locations  of  metal 
array  electrodes.  In  6  animals  (n  =  4  spinal-intact  and  n  =  2 
SCI),  we  used  the  optimized  deposition  and  development 
parameters  discussed  previously  to  label  select  electrodes. 
Overall,  using  this  approach  to  identify  the  anatomic  locations 
of  the  recording  electrodes,  we  obtained  positive  labeling  in  35 
of  39  attempts.  This  indicates  that  the  silver-labeling  method 
can  be  used  to  identify  the  anatomic  locations  of  array  elec¬ 
trodes  with  a  success  rate  of  —90%.  Positive  silver  labeling 
was  identified  in  the  spinal  gray  matter  between  C3  and  C5. 
The  locations  of  each  silver-labeled  site  in  spinal-intact  and 
SCI  animals  was  plotted  (unilaterally  for  simplicity)  according 
to  their  anatomic  locations  (Fig.  5A).  Silver-labeled  sites  were 
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Fig.  3.  Representative  images  of  silver  labeling.  A-D :  representative  histological  sections  from  the  cervical  spinal  cord  containing  silver-labeled  sites 
counterstained  with  cresyl  violet  and  high-resolution  images  of  the  boxed  areas.  These  images  depict  the  variability  of  silver  labeling  at  different  durations  of 
silver  deposition  (50-100  s)  and  histological  development  (7-10  min).  E :  images  of  a  cervical  spinal  section  depicting  an  electrode  track  (black  arrows)  coursing 
through  the  spinal  tissue  and  terminating  at  the  silver-labeled  site.  CC,  central  canal;  DH,  dorsal  horn;  VH,  ventral  horn.  Scale  bars:  A-D:  0.5  mm  and  50  pm 
(callouts);  E:  0.5  mm,  100  pun,  and  50  pm,  respectively. 


identified  between  laminae  IV  and  X,  with  the  greatest  number 
found  in  lamina  VII  (Fig.  5 A). 

The  success  of  the  discrete  silver  labeling  afforded  the 
chance  to  compare  the  intended  recording  location  (i.e.,  the 
micromotor  coordinates  used  during  the  neurophysiology  ex¬ 
periment)  with  the  actual  location  of  the  labeling  (Fig.  5,  B  and 
C).  Each  silver-labeled  site  was  measured  from  the  dorsal 
surface  of  the  cord.  Based  on  estimates  of  prior  investigations 
regarding  tissue  shrinkage  during  paraformaldehyde  fixation 
and  subsequent  tissue  processing  (Deutsch  and  Hillman  1977; 
Quester  and  Schroder  1997),  the  measured  histological  depth 
of  each  silver-labeled  site  was  adjusted  by  10%.  This  analysis 
indicated  that  the  micromotor  depth  is  likely  to  overestimate 
the  actual  depth  of  the  electrode  and  perhaps  even  more 
importantly  that  this  relationship  is  altered  by  SCI.  Linear 
regression  analysis  indicated  a  significant  relationship  between 
recording  coordinates  and  histological  staining  in  spinal-intact 
animals  (motor:  1.6  ±  0.04  mm;  histological:  1.2  ±  0.05  mm; 
P  =  0.0003)  but  not  after  chronic  SCI  (motor:  1.4  ±  0.07  mm; 
histological:  0.6  ±  0.05  mm;  P  =  0.3014;  Fig.  5 B).  The  depth 
of  the  silver-labeled  site  differed  from  the  micromotor  coordi¬ 
nate  in  both  groups  (Fig.  5C)  but  was  significantly  increased 
following  SCI  (0.8  ±  0.07  mm)  compared  with  spinal-intact 
animals  (0.4  ±  0.04  mm).  These  data  highlight  the  need  to 
identify  multielectrode  recording  sites  histologically,  espe¬ 


cially  following  experimental  conditions  such  as  SCI  when 
tissue  fibrosis  and  scarring  can  be  expected  to  alter  electrode 
movement  within  the  central  nervous  system  (CNS).  Future 
studies  can  apply  the  linear  fit  as  a  proxy  to  calculate  the  actual 
depth  of  the  electrode  tips  more  accurately. 

Coupling  spinal  discharge  with  anatomic  locations.  All 
silver-electroplated  electrodes  were  capable  of  discriminating 
single  units,  indicating  that  the  pretreatment  had  a  minimal,  if 
any,  impact  on  the  ability  to  record  and  discriminate  extracel¬ 
lular  signals.  Three  silver-labeled  sites  were  identified  within 
lamina  IX  of  the  ventral  horn  (Figs.  5  A  and  6A).  Spike- 
triggered  averaging  (STA)  of  the  raw  and  rectified  phrenic 
nerve  activity  in  relation  to  neuronal  discharge  produced  a 
distinct  peak  with  an  average  lag  time  of  0.45  ±  0.16  ms  (Fig. 
6 E)  and  therefore  indicated  that  the  recorded  discharge  was 
from  phrenic  motoneurons  (Christakos  et  al.  1994;  Mitchell  et 
al.  1992).  All  three  of  these  cells  were  active  primarily  during 
the  inspiratory  phase  (Fig.  6,  B  and  C),  which  is  the  typical 
firing  pattern  of  phrenic  motoneurons  in  this  preparation 
(Sandhu  et  al.  2015).  The  silver-labeling  data  verified  that  the 
recordings  were  from  the  region  of  the  phrenic  motor  nucleus 
(Furicchia  and  Goshgarian  1987;  Goshgarian  and  Rafols  1981; 
Kinkead  et  al.  1998;  Mantilla  et  al.  2009;  Prakash  et  al.  2000). 
This  close  matching  between  neurophysiological  data  and 
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Fig.  4.  Silver  labeling  coupled  with  fluorescent  immunohistochemistry.  A: 
representative  cervical  spinal  section  of  positive  silver  labeling  (brown/black) 
and  high-resolution  image  of  the  boxed  area.  B :  fluorescent  labeling  of  neurons 
stained  with  NeuN  (green)  and  nuclei  stained  with  DAPI  (blue)  of  the  same 
section  presented  in  A,  and  high-resolution  image  of  the  boxed  area  illustrating 
the  silver-labeled  site  was  in  close  proximity  of  a  NeuN-positive  cell.  CC, 
central  canal;  DH,  dorsal  horn;  VH,  ventral  horn.  Scale  bars:  0.5  mm  and  50 
pm  (callouts). 


anatomic  data  illustrates  the  effectiveness  of  the  silver-labeling 
method. 

The  remaining  silver-labeled  sites  were  located  between 
laminae  IV  and  X  (Fig.  7).  Spike-triggered  averaging  provided 
no  evidence  of  discharge  synchrony  in  relation  to  phrenic 
motor  output;  thus  these  28  recordings  were  considered  to 
represent  interneurons  (Fig.  7,  E  and  J).  At  baseline,  most 
recorded  interneurons  (18/28  or  64%;  Fig.  IK)  fired  tonically 
throughout  the  respiratory  cycle  (e.g.,  waveform  2  in  Fig.  7,  C, 
D ,  H,  and  I).  These  tonically  discharging  cells  were  not 
restricted  to  a  particular  lamina  but  rather  were  recorded 
throughout  the  cervical  gray  matter  (Fig.  7L).  A  smaller  pro¬ 
portion  of  interneurons  (5/28  or  18%;  Fig.  IK)  primarily  fired 
during  the  inspiratory  phase  (waveform  1  in  Fig.  7,  C  and  D ), 
and  these  cells  were  found  in  laminae  VI  (n  =  1),  VII  ( n  =  3), 
and  X  (n  =  1).  During  hypoxia,  2  of  these  neurons  (in  laminae 
VII  and  X)  switched  to  a  tonic  firing  pattern  but  then  resumed 
an  inspiratory  pattern  posthypoxia.  In  addition,  1  inspiratory 
neuron  in  lamina  VII  was  inspiratory-modulated  during  base¬ 
line  and  hypoxia  but  then  assumed  a  tonic  firing  pattern 
posthypoxia.  Similarly,  during  baseline  conditions,  5  cells 
(5/28  or  18%;  Fig.  IK)  discharged  primarily  during  the  expi¬ 
ratory  period  (e.g.,  waveform  1  in  Fig.  7,  H  and  7)  and  were 
located  in  laminae  VIII  (n  =  3),  IX  (n  =  1),  and  X  (n  =  1). 
During  hypoxia,  3  of  these  neurons  [in  laminae  VIII  (n  =  2) 
and  IX  (n  =  1)]  switched  to  a  tonic  firing  pattern  that  was  then 
maintained  posthypoxia.  In  addition,  1  expiratory-modulated 
neuron  in  lamina  VIII  ceased  bursting  immediately  posthy¬ 
poxia.  Therefore,  due  to  phase  switching,  the  proportion  of 
tonic  firing  intemeurons  increased  to  82%  (23/28)  during 
hypoxia  and  remained  elevated  posthypoxia  (20/28  or  71%). 
Interneuron  bursting  patterns  during  baseline,  hypoxia,  and 
posthypoxia  are  summarized  in  Fig.  IK,  and  the  corresponding 
anatomic  locations  are  provided  in  Fig.  1L.  In  this  sample  of 
neurons,  respiratory-related  discharge  was  observed  only  in  the 
ventral  gray  matter  (i.e.,  laminae  VI,  VII,  VII,  IX,  and  X),  and 


tonic  discharge  was  recorded  throughout  the  midcervical  gray 
matter. 

Mapping  anatomic  locations  and  quantitation  of  interneuro¬ 
nal  discharge  across  midcervical  spinal  laminae  are  shown  in 
Fig.  8.  A  representative  example  from  1  recording  in  which 
silver  labeling  was  used  to  “map”  the  anatomic  locations  of  the 
array  electrodes  and  corresponding  electrophysiological  data  is 
shown  in  Fig.  8,  A-C.  A  camera  lucida-style  drawing  of  the 
anatomic  locations  of  8  silver-labeled  electrodes  was  con¬ 
structed  (Fig.  8 B).  Numerical  identification  of  the  anatomic 
positions  of  each  electrode  corresponds  to  the  schematic  pre¬ 
sented  in  Fig.  ID  and  defines  the  rostral-caudal  and  medial- 
lateral  positions  of  the  array  electrodes.  Corresponding  mid¬ 
cervical  spinal  discharge  and  integrated  phrenic  nerve  activity 
during  baseline  and  hypoxia  on  the  left  and  right  hemicord  is 
shown  in  Fig.  8C.  The  majority  of  these  recordings  were  from 
tonic  firing  interneurons  (electrodes  3,  8,  9,  11,  12,  and  75), 
and  one  represented  a  phase- switching  (e.g.,  from  tonic  at 
baseline  to  expiratory  during  hypoxia)  intemeuron  (electrode 
6\  Fig.  8C).  Using  this  technique,  a  summary  of  the  anatomic 
locations  of  all  silver-labeled  interneurons  was  constructed 
(Fig.  8 D).  In  addition,  the  average  discharge  frequency  of  all 
silver-labeled  interneurons  was  presented  in  Fig.  %E.  The 
results  indicate  a  dorsal- ventral  discharge  gradient,  with  higher 
discharge  rates  in  laminae  IV  and  X  and  lower  values  in 
laminae  VIII  and  IX.  This  discharge  map  of  the  midcervical 
spinal  network  demonstrates  the  utility  of  using  the  silver¬ 
labeling  technique  to  identify  the  anatomic  locations  of  ensem¬ 
bles  of  interneurons  recorded  with  a  ME  A.  These  results  show 
the  usefulness  of  using  this  technique  to  standardize  the  sam¬ 
pling  distribution  of  recording  locations  across  experimental 
groups. 

Temporal  relationships  between  cervical  intemeuron  discharge. 
Anatomic  data  indicate  that  cervical  interneurons  are  part  of  a 
diffuse  and  synaptically  coupled  propriospinal  network  (Lane 
et  al.  2008b),  but  relatively  little  is  known  about  functional 
connectivity  between  cervical  intemeurons.  Therefore,  initial 
analyses  focused  on  all  recorded  neurons  in  spinal-intact  rats 
(i.e.,  silver-  and  nonsilver-labeled  neurons)  to  screen  for  short 
time  scale  (i.e.,  0-10  ms)  features  (Aertsen  and  Gerstein  1985; 
Aertsen  et  al.  1989;  Meissen  and  Epping  1987).  Significant 
features  were  identified  as  departures  in  the  cross-correlation 
histogram  >3  standard  deviations  from  the  background  noise 
(Meissen  and  Epping  1987).  Using  this  approach,  significant 
central  (i.e.,  no  lag  time  from  0)  and  offset  correlogram  peaks 
were  detected  (Fig.  9A).  A  summary  of  the  latency  of  signifi¬ 
cant  features  relative  to  the  trigger  (i.e.,  time  0)  are  shown  in 
Fig.  9 B. 

Inspection  of  the  data  suggested  that  latencies  for  correlo¬ 
gram  peaks  were  distributed  in  3  ranges:  1)  <0.4  ms;  2) 
0.6 -2. 8  ms;  and  3)  >3.0  ms  (discrete  integers  reflect  0.2-ms 
bins  used  to  construct  histograms;  Fig.  9,  B  and  C).  Few 
correlations  (37/704  or  5.3%  of  possible  correlations)  had  a 
peak  with  latency  <0.4  ms,  which  is  consistent  with  excitation 
from  a  common  synaptic  input  (Aertsen  and  Gerstein  1985; 
Kirkwood  1979;  Kirkwood  et  al.  1991;  Meissen  and  Epping 
1987).  A  greater  number  of  positive  correlations  had  latencies 
between  0.6  and  2.8  ms  and  >3.0  ms  (54/704  or  7.7%  and 
97/704  or  13.8%,  respectively).  Correlogram  peaks  with  laten¬ 
cies  >0.6  ms  are  consistent  with  the  interpretation  of  func¬ 
tional  excitation  involving  mono-  or  polysynaptic  connections 
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(Aertsen  and  Gerstein  1985;  Kirkwood  1979;  Moore  et  al. 
1970).  We  next  evaluated  the  number  of  positive  correlations 
relative  to  the  recording  locations.  For  this,  neuronal  pairs  were 
classified  as  unilateral  (i.e.,  recordings  on  the  same  side  of  the 
cord)  or  bilateral  (i.e.,  recordings  on  opposite  sides  of  the 
cord).  Evaluation  of  unilateral  pairs  showed  the  average  num¬ 
ber  of  significant  correlogram  peaks  was  20  ±  3.9  correlations 
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per  animal.  A  similar  value  was  obtained  for  bilateral  neuronal 
pairs  (25  ±  7.5  correlations  per  animal;  Fig.  9 D).  When 
normalized  to  the  total  number  of  possible  unilateral  (332)  or 
bilateral  (372)  correlations,  similar  values  were  observed 
(24  ±  0.5  and  26  ±  5.5%,  respectively;  Fig.  9 E).  No  signifi¬ 
cant  differences  in  latencies  were  observed  when  data  were 
separated  into  unilateral  and  bilateral  neuronal  pairs  (data  not 
shown). 

Neuronal  pairs  with  significant  correlogram  peaks  that  were 
also  silver-labeled  were  used  to  construct  correlation  summary 
maps  to  illustrate  the  anatomic  locations  of  each  neuron  (Fig. 
10).  The  number  of  positive  correlations  within  each  lamina 
was  normalized  to  the  total  number  of  neurons  present  in  the 
corresponding  lamina.  Unilateral  neuronal  pairs  are  shown  in 
Fig.  10A,  and  bilateral  pairs  are  shown  in  Fig.  10 B.  Of  the 
positive  unilateral  correlations,  intemeurons  in  dorsal  lamina 
(i.e.,  IV,  V,  and  VI)  made  and  received  the  greatest  number  of 
excitatory  connections  (Fig.  10A).  In  contrast,  when  the  trigger 
and  target  neuron  were  on  opposite  sides  of  the  spinal  cord, 
interneurons  in  laminae  V,  VIII,  and  IX  made  and  received  the 
most  connections  (Fig.  10#). 

We  also  found  33  troughs  in  cross-correlograms  that  were 
significantly  different  from  background  activity  using  the  same 
criteria  used  to  detect  peaks  (data  not  shown).  For  comparison 
purposes,  the  number  of  troughs  occurring  <0.4  was  20/704  or 
2.8%,  whereas  those  between  0.6  and  2.8  ms  was  1/704  or 
0.1%  and  those  >3.0  ms  was  12/704  or  1.7%.  Correlogram 
troughs  with  these  latencies  are  generally  thought  to  reflect 
functional  inhibition  (Aertsen  and  Gerstein  1985;  Kirkwood 
1979). 

DISCUSSION 

Here,  we  describe  a  silver-labeling  technique  that  reliably 
identifies  the  position  of  MEA  tips  following  in  vivo  neuro¬ 
physiological  recordings.  The  results  indicate  that  silver  label¬ 
ing  can  be  histologically  identified  with  a  resolution  of  —50 
pm  while  also  preserving  the  structural  integrity  of  the  tissue 
with  a  90%  success  rate.  A  practical  application  of  this  tech¬ 
nique  was  demonstrated  by  matching  the  location  of  midcer- 
vical  MEA  recording  sites  with  neuronal  discharge  to  create 
maps  of  bursting  patterns  (e.g.,  Figs.  7  and  8).  Moreover,  using 
correlative  techniques,  we  also  provide  to  our  knowledge  the 
first  neurophysiological  evidence  for  the  presence  of  extensive 
connections  between  intemeurons  in  midcervical  gray  matter 
(e.g.,  Figs.  9  and  10).  Coupling  silver  labeling  with  MEA 
neurophysiology  provides  a  powerful  tool  to  investigate  net¬ 
work-level  properties  of  the  spinal  cord. 

Commentary  regarding  the  silver-labeling  method.  The  first 
challenge  associated  with  adapting  the  silver-labeling  method 
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Fig.  5.  Electrode  and  silver-labeled  depth.  A:  representative  C4  section  of 
silver-labeled  sites  in  spinally  intact  (•)  and  spinally  injured  (o)  animals 
projected  onto  1  side  of  the  cord  for  simplicity.  Each  lamina  was  shaded 
according  to  the  number  (#)  of  silver-labeled  sites  within  that  lamina.  B :  scatter 
plot  of  the  micromotor  depths  vs.  the  depths  of  the  corresponding  silver- 
labeled  sites  in  spinally  intact  (•)  and  spinally  injured  (o)  animals.  Linear 
regression  analysis  was  applied  to  determine  the  line  of  best  fit  and  linear 
equation  for  each  group.  The  line  of  identity  is  displayed  to  indicate  the 
location  where  micromotor  and  silver-labeling  depths  are  equal.  C:  normalized 
depth  calculated  as  the  difference  between  the  micromotor  depth  silver-labeled 
site  for  spinally  intact  (•)  and  spinally  injured  (o)  animals.  *P  <  0.001, 
unpaired  t-test. 
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Phrenic  Motoneuron 


Fig.  6.  Silver  labeling  of  a  phrenic  motoneuron.  A: 
representative  C4  section  containing  a  silver-labeled  site 
counterstained  with  cresyl  violet  and  high-resolution  im¬ 
age  containing  the  silver-labeled  site  located  in  the  me¬ 
dial  aspect  of  the  ventral  horn  in  lamina  IX  (callout).  B : 
corresponding  raw  spinal  discharge  and  integrated 
phrenic  output  during  baseline,  hypoxia,  and  posthypoxia 
depicting  discharge  during  the  inspiratory  phase.  C:  in¬ 
tegrated  phrenic  output,  raw  neuronal  discharge,  and 
sorted  spikes  (waveform)  during  hypoxia.  D :  cycle-trig¬ 
gered  histogram  during  50  consecutive  breaths  overlaid 
with  the  average  integrated  phrenic  waveform  during 
hypoxia.  E :  spike-triggered  average  of  the  raw  and  rec¬ 
tified  (Rec)  phrenic  nerve  depicting  a  delay  of  0.76  ms.  CC, 
central  canal;  DH,  dorsal  hom;  VH,  ventral  hom.  Scale 
bars:  A:  0.5  mm  and  50  pm  (callout);  B  and  C:  1.5  s. 
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(Spinelli  1975)  for  MEAs  was  accurately  measuring  the  low 
currents  (in  nanoamperes)  needed  for  electroplating  and  depos¬ 
iting  silver  from  tungsten  array  electrodes.  Although  devices 
that  measure  low  currents  are  commercially  available  (e.g.,  for 
patch-clamp/iontophoresis),  they  are  expensive  and  not  easily 
adapted  to  electroplating  or  electrodeposition.  Additionally, 
multimeters  cannot  resolve  currents  in  the  nanoampere  range 
and  have  limited  accuracy  due  to  voltage  drop  caused  by 
current  flow  through  the  current-measuring  device  (i.e.,  “bur¬ 
den  voltage”;  Jones  2010).  To  overcome  these  limitations,  we 
used  an  EEVblog  jaCurrent  Precision  Assistant  that  permits 
nanoampere  currents  to  be  measured  on  a  standard  multimeter 
and  also  improves  the  accuracy  to  0.2%  (Jones  2010).  We  also 
designed  a  jaCurrent  control  device  capable  of  generating  100 
nA  while  also  allowing  current  adjustments  of  <1  nA  (circuit 
details  provided  in  Fig.  2 C).  The  ability  to  produce  and  control 
this  current  precisely  was  critical  since  passing  higher  currents 
can  alter  electrode  impedance  and  recording  characteristics 
(Fung  et  al.  1998).  The  current-generating  system  was  specif¬ 
ically  designed  to  be  compatible  with  both  single  electrodes 
and  MEAs. 

Published  methods  for  marking  the  location  of  MEAs  in¬ 
clude  iontophoresis  of  neural  tracers  (Fekete  et  al.  2015; 
Haidarliu  et  al.  1999;  Kovacs  et  al.  2005),  topical  application 
of  fluorescent  dyes  (DiCarlo  et  al.  1996;  Naselaris  et  al.  2005), 
lesioning  (Brozoski  et  al.  2006;  Townsend  et  al.  2002),  elec¬ 
trical  imaging  (Li  et  al.  2015),  and  imaging-based  approaches 
(Borg  et  al.  2015;  Fung  et  al.  1998;  Koyano  et  al.  2011;  Matsui 
et  al.  2007).  The  silver-labeling  method  offers  several  advan¬ 
tages  over  these  previous  techniques.  First,  this  technique  can 
be  used  with  the  standard  metal  electrodes  typically  used  with 
MEAs  (Borg  et  al.  2015;  Cogan  2008).  This  is  in  contrast  to  the 
specialized  electrodes  necessary  for  iontophoresis  (Fekete  et  al. 
2015;  Kovacs  et  al.  2005;  Naselaris  et  al.  2005).  Second,  the 
silver-labeling  method  does  not  require  implanted  electrodes  or 
expensive  and  often  unavailable  equipment  such  as  MRI  to 
visualize  electrode  placement  (Borg  et  al.  2015;  Fung  et  al. 
1998;  Koyano  et  al.  2011;  Matsui  et  al.  2007).  Third,  the 
histologically  identified  silver  deposition  spanned  an  area  of 


—50  jam,  and  this  provides  an  —  3X  greater  resolution  com¬ 
pared  to  previously  published  techniques  compatible  with 
metal  MEAs.  For  example,  MRI-based  approaches  enable 
visualization  of  microelectrode  sites  at  an  in-plane  resolution 
of  150-200  jam  (Fung  et  al.  1998;  Koyano  et  al.  2011;  Matsui 
et  al.  2007).  Fluorescent  dyes  achieve  resolutions  between  50 
and  400  jam  but  identify  electrode  track  trajectories  rather  than 
discrete  locations  of  electrode  tips  (DiCarlo  et  al.  1996;  Nase¬ 
laris  et  al.  2005).  Finally,  whereas  lesioning  techniques  can 
damage  surrounding  tissues  (Townsend  et  al.  2002),  low  cur¬ 
rent  levels  required  for  silver  deposition  preserve  the  integrity 
of  the  surrounding  tissue.  This  is  a  particularly  important  point 
since  it  permits  neurochemical  phenotyping  of  neurons  at  or 
near  the  electrode  tip. 

One  of  the  features  enabling  matching  of  electrophysiolog- 
ical  signals  with  anatomic  locations  is  that  the  relative  position 
of  each  electrode  was  known  since  the  electrodes  exist  in  a 
fixed  matrix  (Fig.  ID).  Nevertheless,  with  multiple  silver- 
labeled  sites  in  a  relatively  discrete  area,  matching  each  silver- 
labeled  site  with  its  corresponding  recording  electrode  can  pose 
a  challenge.  To  overcome  this  hurdle,  several  safeguards  were 
implemented.  First,  since  recordings  were  performed  with  a 
bilateral  recording  array,  a  small  longitudinal  cut  in  the  dorsal 
spinal  cord  was  made  before  sectioning  to  demarcate  the  left 
vs.  right  hemicord.  Second,  the  rostral-caudal  orientation  of 
spinal  sections  was  maintained  throughout  the  histological 
process  by  sectioning  sequentially  into  12-well  plates.  Most 
importantly,  the  histologically  identified  silver  deposition  was 
linked  to  the  corresponding  recording  data  by  using  the  lateral- 
medial  aspect  of  the  electrode  matrix.  The  phrenic  motoneuron 
data  provided  further  verification  of  the  ability  to  match  silver 
labeling  with  the  neurophysiology  data.  The  anatomic  location 
of  phrenic  motoneurons  is  well-defined  in  rat  (Goshgarian  and 
Rafols  1981;  Mantilla  et  al.  2009;  Prakash  et  al.  2000;  Zhan  et 
al.  1989),  and  the  electrophysiological  analyses  (e.g.,  STA) 
confirmed  an  appropriate  match  between  the  anatomic  location 
of  silver  labeling  (i.e.,  ventral  gray  matter,  lamina  IX)  and  the 
recording  electrode.  Moreover,  cells  with  histological  features 
consistent  with  phrenic  motoneurons  (Furicchia  and  Goshgar- 
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Fig.  7.  Silver  labeling  of  midcervical  spinal  interneurons.  A: 
representative  C4  section  containing  a  silver-labeled  site 
counterstained  with  cresyl  violet  and  high-resolution  image 
containing  the  silver-labeled  site  (callout).  B :  corresponding 
neuronal  output  and  integrated  phrenic  output  during  base¬ 
line,  hypoxia,  and  posthypoxia  depicting  a  single  tonic  firing 
neuron  at  baseline  and  recruitment  of  a  phasic  inspiratory 
neuron  during  hypoxia  and  posthypoxia.  C:  integrated 
phrenic  output,  raw  neuronal  discharge,  and  sorted  spikes 
(waveforms)  during  hypoxia.  D :  cycle-triggered  histograms 
of  both  neurons  during  50  consecutive  breaths  overlaid  with 
the  average  integrated  phrenic  waveform  during  hypoxia.  E : 
spike-triggered  average  of  the  raw  and  rectified  phrenic 
nerve  depicting  a  lack  of  positive  features.  F:  representative 
C4  section  containing  a  silver-labeled  site  counterstained 
with  cresyl  violet  and  high-resolution  image  containing  the 
silver-labeled  site  (callout).  G:  corresponding  neuronal  out¬ 
put  and  integrated  phrenic  output  during  baseline,  hypoxia, 
and  posthypoxia  depicting  an  expiratory  and  tonic  firing 
neuron  at  baseline  and  hypoxia  and  only  the  tonic  neuron 
posthypoxia.  H :  integrated  phrenic  output,  raw  neuronal 
discharge,  and  sorted  spikes  (waveforms)  during  hypoxia.  /: 
cycle-triggered  histograms  of  both  neurons  during  50  con¬ 
secutive  breaths  overlaid  with  the  average  integrated  phrenic 
waveform.  J:  spike-triggered  average  of  the  raw  and  rectified 
phrenic  nerve  depicting  a  lack  of  positive  features.  K : 
stacked  bar  graphs  depicting  the  number  of  each  cell  type  at 
baseline,  hypoxia,  and  posthypoxia  each  normalized  to  the 
total  number  of  interneurons  (n  =  28).  L\  anatomic  location 
of  each  silver-labeled  interneuron  projected  onto  1  side  of 
the  cord  for  simplicity,  identified  by  the  bursting  pattern  during 
baseline.  Exp,  expiratory;  Insp,  inspiratory;  CC,  central  canal; 
DH,  dorsal  hom;  YH,  ventral  hom.  Scale  bars:  A,  F,  and  L:  0.5 
mm  and  50  pm  (callouts);  B,  C,  G,  and  H:  1.5  s. 
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Fig.  8.  Mapping  anatomic  locations  of  midcervical  spinal  neurons.  A:  representative  photomicrograph  of  a  C4  section  containing  a  silver-labeled  site  (from 
electrode  9)  counterstained  with  cresyl  violet  and  high-resolution  image  of  the  silver-labeled  site  (callout).  B :  camera  lucida-style  drawing  of  the  cervical  spinal 
cord  summarizing  the  anatomic  locations  of  8  silver-labeled  sites  obtained  in  1  animal.  C:  integrated  phrenic  motor  output  and  midcervical  spinal  discharge  on 
the  left  and  right  hemicord  corresponding  to  identified  silver-labeled  sites  in  B  during  baseline  and  hypoxia.  Electrode  1  recorded  phrenic  motoneuron  discharge, 
and  the  remaining  electrodes  recorded  interneuron  discharge.  D :  representative  C4  section  summarizing  the  total  number  of  silver-labeled  interneurons  within 
each  lamina  in  spinal-intact  animals.  E :  average  discharge  frequency  of  spinal  interneurons  within  each  lamina  represented  in  D.  CC,  central  canal;  DH,  dorsal 
horn;  VH,  ventral  horn;  NaN,  no  cells  recorded.  Scale  bars:  A  and  B:  0.5  mm  and  50  pm  (callout);  C:  1.5  s. 


ian  1987;  Prakash  et  al.  2000)  were  clearly  identified  near  the 
silver  label  (approximately  50-100  jam). 

To  ensure  that  our  recordings  (and  silver-labeled  sites)  were 
from  neurons  (vs.  fibers  of  passage)  in  the  immediate  vicinity 
of  electrode,  we  used  high-impedance  tungsten  wires  coated 
with  Epoxylite  insulation  with  an  exposed  tip  of  <  1  jam.  We 
suggest  that  using  these  insulated  high-impedance  electrodes, 
the  following  assumptions  are  reasonable:  1)  the  recorded 
neural  discharge  is  of  somatic  origin  (vs.  axonal);  and  2)  the 
amplitude  of  the  recorded  action  potentials  decreases  with 
distance  between  the  soma  and  the  recording  electrode  tip.  The 
reasons  for  these  assumptions  are  as  follows.  Extracellular 
action  potentials  recorded  from  axons  are  very  brief  (i.e., 
0. 1-0.3  ms),  small,  and  extremely  sensitive  to  electrode  move¬ 
ment  (Bellingham  and  Lipski  1990;  Kirkwood  et  al.  1988).  In 


contrast,  action  potentials  recorded  in  the  current  study  were 
broad  (i.e.,  >1  ms)  and  biphasic,  and  the  recordings  were 
stable  as  electrodes  were  moved  up  to  100  jam.  These  features 
are  consistent  with  extracellularly  recorded  somatic  action 
potentials  (Bellingham  and  Lipski  1990;  Nelson  1959).  The 
literature  indicates  that  the  amplitude  of  extracellularly  re¬ 
corded  action  potentials  is  inversely  proportion  to  the  distance 
between  the  soma  and  the  recording  electrode  (Kirkwood  et  al. 
1988;  Nelson  1959).  Therefore,  by  achieving  a  3:1  signal-to- 
noise  ratio  when  placing  each  electrode,  we  can  be  confident 
that  the  electrode  tip  is  close  to  the  cell  soma  generating  the 
largest  action  potential.  Last,  the  electrode  design  described 
above  reduces  the  surface  area  available  for  silver  plating,  and 
thus  silver  is  deposited  from  only  the  ~l-jam  plated  length  at 
each  electrode  tip. 
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Fig.  9.  Cross-correlation  analysis  of  midcer- 
vical  spinal  interneurons.  A:  representative 
cross-correlations  obtained  from  3  pairs  of  neu¬ 
rons  depicting  a  significant  central  peak  (left), 
1.8-ms  offset  peak  (middle),  and  7.8-ms  offset 
peak  (right).  The  number  of  trigger  spikes  for 
each  correlation:  43,891;  39,208;  and  3,928; 
and  the  detectability  index  of  each  correla¬ 
tion:  45.2;  4.3;  and  5.3,  respectively.  Black 
lines  plotted  at  0.5  and  2.9  ms  to  indicate  how 
data  were  grouped  by  latency  (see  B).  B :  a 
histogram  of  the  latency  relative  to  the  trigger 
for  all  correlations  with  a  significant  peak. 
The  1st  bar  in  the  histogram  is  a  count  of  the 
central  peaks  (0-ms  latency),  and  each  suc¬ 
cessive  bar  in  the  plot  represents  counts  ob¬ 
tained  in  an  increment  of  0.2.  Yellow  bars 
plotted  at  0.5  and  at  2.9  ms  indicate  how  data 
were  grouped  based  on  latency.  Black  lines 
are  2nd-order  polynomial  fit  of  the  data.  C: 
the  sum  of  significant  cross-correlations  with 
latencies  <0.4  ms,  between  0.6  and  2.8  ms, 
and  >3.0  ms.  Percentages  reflect  the  propor¬ 
tion  of  positive  correlations  out  of  the  total 
possible  (n  =  704).  D :  the  average  number  of 
positive  correlations  per  animal  when  both 
recordings  were  on  the  same  side  of  the  cord 
(20  ±3.9  positive  correlations  per  animal)  or 
on  opposite  sides  of  the  cord  (25  ±  7.5 
positive  correlations  per  animal).  E :  the  num¬ 
ber  of  significant  correlations  expressed  as  a 
percentage  of  total  possible  connections  ob¬ 
tained  when  both  recordings  were  on  the 
same  side  of  the  cord  (81/332  total  possible) 
or  on  opposite  sides  of  the  cord  (89/372  total 
possible). 


The  silver-labeling  method  was  not  100%  successful,  and 
we  suspect  the  small  number  of  failures  ( n  =  4  of  39  possible 
sites)  occurred  due  to  a  lack  of  deposited  silver  or  tissue 
damage  during  histological  processing  (e.g.,  tearing  of  sections 
or  error  during  the  placement  of  longitudinal  notch  in  the  spinal 
cord).  A  final  methodological  commentary  relates  to  the  dif¬ 
ference  between  the  histologically  verified  depth  of  the  elec¬ 
trode  and  the  coordinates  used  in  the  microdrive  while  placing 
each  electrode  (e.g.,  Fig.  5).  The  microdrive  coordinates  over¬ 
estimated  the  actual  depth  of  the  recording  and  probably  reflect 
some  degree  of  “pillowing”  of  the  tissue  as  the  electrodes  were 
advanced.  The  most  salient  point,  however,  is  that  the  differ¬ 
ence  between  histological  and  micromotor  coordinates  was 
increased  in  rats  with  chronic  SCI  (e.g.,  Fig.  5C).  These  data 
highlight  the  need  to  identify  multielectrode  recording  sites 
histologically  following  SCI  when  tissue  fibrosis  and  scarring 
can  be  expected  to  impede  electrode  movement  within  the 
spinal  cord. 

Midcervical  spinal  intemeurons  and  respiratory  motor  output. 
Several  laboratories  have  suggested  that  phrenic  motoneuron 
discharge  can  be  modulated  by  synaptic  input  from  spinal 
interneurons  (Bellingham  and  Lipski  1990;  Davies  et  al.  1985; 
Sandhu  et  al.  2015).  Anatomic  studies  show  spinal  interneu¬ 
rons  are  uniquely  situated  to  modulate  phrenic  motor  output 
since  they  are  in  close  opposition  with  medullary  projections 
(Davies  et  al.  1985;  Fedorko  et  al.  1983;  Hayashi  et  al.  2003; 
Lane  et  al.  2008b)  and  have  synaptic  connections  to  phrenic 


motoneurons  (Dobbins  and  Feldman  1994;  Lane  et  al.  2008b, 
2009;  Lois  et  al.  2009;  Yates  et  al.  1999).  Electrophysiological 
recordings  in  multiple  species  have  demonstrated  that  cervical 
interneurons  have  respiratory-related  discharge  patterns  (Bel¬ 
lingham  and  Lipski  1990;  Duffin  and  Iscoe  1996;  Marchenko 
et  al.  2015;  Palisses  et  al.  1989;  Sandhu  et  al.  2015)  and 
respond  to  respiratory  stimuli  such  as  phrenic  afferent  stimu¬ 
lation  (Iscoe  and  Duffin  1996;  Speck  and  Revelette  1987)  and 
hypoxia  (Sandhu  et  al.  2015).  Our  results  add  to  this  literature 
in  two  primary  ways.  First,  to  our  knowledge,  only  one  prior 
study  (Marchenko  et  al.  2015)  has  combined  neurophysiology 
with  the  histological  identification  of  the  anatomic  location  of 
respiratory-related  spinal  interneurons  associated  with  the 
phrenic  motor  pool.  Our  data  show  that  interneurons  with 
respiratory-related  discharge  are  located  throughout  laminae 
VI,  VII,  VII,  IX,  and  X.  Second,  the  current  results  provide 
new  information  regarding  the  impact  of  respiratory  stimula¬ 
tion  with  hypoxia  on  midcervical  interneuronal  discharge  pat¬ 
terns.  Indeed,  during/following  hypoxia,  —29%  of  spinal  in¬ 
terneurons  alter  their  discharge  in  relation  to  the  respiratory 
cycle.  We  noted  that  both  inspiratory-  and  expiratory-modu- 
lated  neurons  had  a  tendency  to  adopt  a  tonic  firing  pattern 
during  hypoxia.  However,  posthypoxia  interneurons  with  base¬ 
line  inspiratory  discharge  tended  to  resume  an  inspiratory  firing 
pattern,  whereas  the  expiratory  intemeurons  maintained  the 
tonic  pattern.  In  addition,  we  found  one  example  of  a  tonic 
firing  interneuron  during  baseline  and  hypoxia  that  became 
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Fig.  10.  Anatomic  locations  of  functionally 
connected  interneurons.  Summary  maps  of 
silver-labeled  interneurons  with  significant 
peaks  in  cross-correlograms.  The  number  of 
positive  correlations  in  each  lamina  was  nor¬ 
malized  to  the  number  of  neurons  present  in 
the  lamina  and  shaded  accordingly.  A:  when 
both  trigger  and  target  neurons  were  on  the 
same  side  of  the  spinal  cord  (e.g.,  unilateral 
recordings),  interneurons  in  dorsal  lamina 
(i.e.,  IV,  V,  and  VI)  made  and  received  the 
greatest  number  of  excitatory  connections.  B: 
when  the  trigger  and  target  neurons  were  on 
opposite  sides  of  the  spinal  cord  (e.g.,  bilat¬ 
eral  recordings),  interneurons  in  laminae  V, 
VIII,  and  IX  made  and  received  the  most 
connections. 
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inspiratory-modulated  posthypoxia.  Neurons  exhibiting  phase 
switching  were  located  in  intermediate  and  ventral  laminae 
(i.e.,  VII,  VIII,  and  X)  rather  than  dorsal  laminae.  To  our 
knowledge,  this  is  the  first  report  to  describe  hypoxia-induced 
phase  switching  of  midcervical  intemeuron  bursting  patterns. 
When  neuronal  discharge  frequency  was  evaluated  relative  to 
anatomic  locations,  higher  frequencies  were  noted  in  laminae  IV 
and  X  (e.g.,  Fig.  8 E).  These  results  again  highlight  the  importance 
of  matching  anatomic  location  with  discharge  properties  and 
show  that  midcervical  interneuron  discharge  varies  across 
cervical  lamina,  which  is  consistent  with  previous  descriptions 
of  lumbosacral  neural  activity  (Borowska  et  al.  2013; 
Ruscheweyh  and  Sandkiihler  2002). 

Discharge  synchrony  between  midcervical  spinal  interneurons. 
Despite  both  historical  (Duffin  and  Iscoe  1996;  Palisses  et  al. 
1989)  and  recent  publications  (Lane  2011;  Marchenko  et  al. 
2015;  Sandhu  et  al.  2015)  related  to  cervical  respiratory  in¬ 
terneurons,  the  functional  connectivity  of  midcervical  spinal 
circuit  remains  largely  unexplored.  This  can  be  attributed  to  the 
fact  that  studies  investigating  respiratory-related  intemeurons  in 
the  spinal  cord  have  primarily  used  a  single-unit  recording  ap¬ 
proach  (Bellingham  and  Lipski  1990;  Lipski  and  Duffin  1986; 
Lipski  et  al.  1993)  and  have  instead  focused  on  connections 
between  motor-  and  intemeurons  (Davies  et  al.  1985;  Duffin  and 
Iscoe  1996;  Lipski  et  al.  1993).  In  the  current  study,  we  utilized 
cross-correlation  analysis  to  characterize  the  functional  connec¬ 
tivity  of  pairs  of  spinal  intemeurons.  Similar  to  previous  studies 


investigating  spinal  intemeurons  in  nonrespiratory-related  net¬ 
works  (Brown  et  al.  1979;  Pmt  and  Perlmutter  2003),  we  found 
relatively  few  examples  of  synchronous  discharge  consistent  with 
a  shared  excitatory  presynaptic  input  (Aertsen  et  al.  1989;  Kirk¬ 
wood  1979).  That  is,  when  intemeuronal  pairs  were  examined, 
correlogram  peaks  with  latencies  between  0  and  0.4  ms  were  only 
observed  in  5.3%  of  recordings.  In  contrast,  21.4%  of  the  total 
possible  positive  correlations  had  latencies  >0.6  ms.  These  longer 
latency  peaks  are  consistent  with  mono-  and  polysynaptic  con¬ 
nections  between  cervical  intemeuron  pairs.  Of  the  positive  cor¬ 
relations  involving  neurons  on  the  same  side  of  the  spinal  cord, 
intemeurons  in  dorsal  lamina  (i.e.,  IV,  V,  and  VI)  made  and 
received  the  greatest  number  of  excitatory  connections.  In  con¬ 
trast,  when  the  trigger  and  target  neuron  were  on  opposite  sides  of 
the  spinal  cord,  intemeurons  in  laminae  V,  VII,  and  IX  made  and 
received  the  most  connections.  Taken  together,  our  results  provide 
support  for  the  hypothesis  that  cervical  intemeurons  form  a 
dynamic  network  that  is  capable  of  rapid  reconfiguration  and 
modulation  of  cervical  motor  outputs.  We  suggest  that  the  MEA 
silver-labeling  method  will  help  advance  our  understanding  of  the 
functional  and  anatomic  correlates  of  ensembles  of  spinal 
neurons. 

Application  to  spinal  cord  injury.  One  potential  application 
of  MEA  technology  is  to  examine  how  SCI  alters  the  cervical 
spinal  networks.  Spinal  networks  undergo  substantial  remod¬ 
eling  following  SCI  (Bareyre  et  al.  2004;  Sperry  and  Goshgar- 
ian  1993),  and  interneurons  have  been  implicated  in  SCI- 
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induced  plasticity  and  motor  recovery  (Alilain  et  al.  2008; 
Bareyre  et  al.  2004;  Harkema  2008).  However,  relatively  little 
is  known  regarding  their  contribution  to  the  spontaneous  re¬ 
covery  of  phrenic  output  following  SCI  (Lane  et  al.  2008b).  In 
the  current  study,  we  performed  recordings  on  n  =  2  rats  with 
chronic  cervical  SCI.  The  intent  of  these  experiments  was  not 
to  map  changes  in  the  spinal  network  postinjury  but  rather  to 
confirm  that  the  method  developed  herein  could  be  effectively 
utilized  in  rats  with  SCI.  We  successfully  deposited  and  de¬ 
tected  silver  labeling  following  SCI  using  the  same  parameters 
optimized  in  spinal-intact  animals.  However,  we  noted  a 
greater  discrepancy  between  micromotor  and  silver-labeling 
depth  in  spinal-injured  animals  (e.g.,  Fig.  5C).  Although  mul¬ 
tiple  factors  may  contribute  to  this  disparity,  structural  changes 
resulting  from  fibrosis  and  scarring  induced  following  injury 
(Cregg  et  al.  2014)  may  increase  electrode  drag,  thereby 
reducing  the  effectiveness  of  utilizing  the  electrode  micromo¬ 
tor  to  predict  the  actual  depth  of  the  electrode  tips.  Regardless 
of  the  specific  cause,  our  results  highlight  the  importance  of 
histologically  verifying  the  locations  of  recorded  neurons, 
especially  following  experimental  conditions  such  as  SCI  that 
may  alter  electrode  movement  within  the  CNS.  We  suggest 
that  future  studies  utilizing  the  methods  described  here  will 
shed  light  on  the  contribution  of  the  propriospinal  network  to 
the  recovery  of  function  following  SCI. 

Conclusions.  The  methodology  described  here  provides  a 
solution  to  the  fundamental  limitation  of  using  MEAs  contain¬ 
ing  standard  metal  electrodes  by  identifying  the  discrete  ana¬ 
tomic  locations  of  the  recording  sites.  Although  prior  studies 
have  described  methods  to  determine  the  approximate  locations  of 
MEA  electrodes  (Borg  et  al.  2015;  Brozoski  et  al.  2006;  DiCarlo 
et  al.  1996;  Fekete  et  al.  2015;  Haidarliu  et  al.  1999;  Kovacs  et  al. 
2005;  Koyano  et  al.  2011;  Naselaris  et  al.  2005;  Townsend  et  al. 
2002),  to  date  labeling  the  discrete  recording  locations  of  nonspe- 
cialized  metal  array  electrodes  in  an  acute  preparation  while 
preserving  the  surrounding  tissue  has  only  been  achieved  with 
single-cell  recordings.  With  MEA  recordings,  higher-order  anal¬ 
yses  can  be  used  to  investigate  the  functional  connectivity  of  the 
neural  network  during  physiological  stimuli  and  following  neuro¬ 
logical  injury  (e.g.,  Figs.  9  and  10;  also  see:  Aertsen  and  Gerstein 
1985;  Kirkwood  1979;  Meissen  and  Epping  1987).  In  this  regard, 
the  current  results  are  consistent  with  a  high  degree  of  synaptic 
connections  between  midcervical  neurons.  Collectively,  our  ex¬ 
periments  show  that:  1)  MEA  silver-labeling  method  enables  the 
electrophysiological  output  of  neural  networks  to  be  coupled  with 
histological  verification  of  electrode  locations;  2)  midcervical 
intemeurons  are  capable  of  rapid  phase  switching  of  burst  patterns 
relative  to  the  respiratory  cycle  during  and  after  hypoxia;  and  3)  a 
high  percentage  of  midcervical  intemeuronal  pairs  have  tempo¬ 
rally  related  discharge  patterns. 
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Intermittent  Hypoxia  Enhances  Functional  Connectivity  of 
Midcervical  Spinal  Interneurons 
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Brief,  intermittent  oxygen  reductions  [acute  intermittent  hypoxia  (AIH)]  evokes  spinal  plasticity.  Models  of  AIH-induced  neuroplasticity 
have  focused  on  motoneurons;  however,  most  midcervical  interneurons  (C-INs)  also  respond  to  hypoxia.  We  hypothesized  that  AIH 
would  alter  the  functional  connectivity  between  C-INs  and  induce  persistent  changes  in  discharge.  Bilateral  phrenic  nerve  activity  was 
recorded  in  anesthetized  and  ventilated  adult  male  rats  and  a  multielectrode  array  was  used  to  record  C4/5  spinal  discharge  before 
[baseline  (BL)],  during,  and  15  min  after  three  5  min  hypoxic  episodes  (11%  02,  H1-H3).  Most  C-INs  (94%)  responded  to  hypoxia  by 
either  increasing  or  decreasing  firing  rate.  Functional  connectivity  was  examined  by  cross-correlating  C-IN  discharge.  Correlograms  with 
a  peak  or  trough  were  taken  as  evidence  for  excitatory  or  inhibitory  connectivity  between  C-IN  pairs.  A  subset  of  C-IN  pairs  had  increased 
excitatory  cross-correlations  during  hypoxic  episodes  (34%)  compared  with  BL  (19 %;p  <  0.000 1 ).  Another  subset  had  a  similar  response 
following  each  episode  (40%)  compared  with  BL  (19%;p  <  0.0001).  In  the  latter  group,  connectivity  remained  elevated  15  min  post- AIH 
(30 %;p  =  0.0002).  Inhibitory  C-IN  connectivity  increased  during  H1-H3  (4.5%;p  =  0.0160),  but  was  reduced  15  min  post- AIH  (0.5%; p  = 
0.0439).  Spike-triggered  averaging  indicated  that  a  subset  of  C-INs  is  synaptically  coupled  to  phrenic  motoneurons  and  excitatory  inputs 
to  these  “pre-phrenic”  cells  increased  during  AIH.  We  conclude  that  AIH  alters  connectivity  of  the  midcervical  spinal  network.  To  our 
knowledge,  this  is  the  first  demonstration  that  AIH  induces  plasticity  within  the  propriospinal  network. 

Key  words:  hypoxia;  interneurons;  network  plasticity;  neuroplasticity;  respiratory;  spinal  cord 
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Significance  Statement 


Acute  intermittent  hypoxia  (AIH)  can  trigger  spinal  plasticity  associated  with  sustained  increases  in  respiratory,  somatic,  and/or 
autonomic  motor  output.  The  impact  of  AIH  on  cervical  spinal  interneuron  (C-IN)  discharge  and  connectivity  is  unknown.  Our 
results  demonstrate  that  AIH  recruits  excitatory  C-INs  into  the  spinal  respiratory  (phrenic)  network.  AIH  also  enhances  excitatory 
and  reduces  inhibitory  connections  among  the  C-IN  network.  We  conclude  that  C-INs  are  part  of  the  respiratory,  somatic,  and/or 
autonomic  response  to  AIH,  and  that  propriospinal  plasticity  may  contribute  to  sustained  increases  in  motor  output  after  AIH. 
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Introduction 

Spinal  interneurons  can  relay  and  modulate  descending  synaptic 
drive  to  motoneurons  (Jankowska  and  Hammar,  2002),  facilitate 
motoneuron  recruitment  (Renshaw,  1941;  Hodson-Tole  and 
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Wakeling,  2009),  and  coordinate  discharge  between  spinal  motor 
pools  (Lanuza  et  al.,  2004).  In  the  cervical  cord,  propriospinal 
neurons  are  synaptically  coupled  to  respiratory  motoneurons 
(Lane  et  al.,  2008),  limb  motoneurons  (Stepien  et  al.,  2010),  and 
sympathetic  preganglionic  neurons  (Poree  and  Schramm,  1992). 
Many  cervical  interneurons  (C-INs)  respond  to  a  brief  period  of 
reduced  arterial  oxygen  (i.e.,  acute  hypoxia)  by  altering  discharge 
frequency  (Sandhu  et  al.,  2015;  Streeter  et  al.,  2017).  The  response 
of  C-INs  to  repeated  bouts  of  hypoxia  [acute  intermittent  hyp¬ 
oxia  (AIH)]  is  of  interest  because  AIH  can  trigger  spinal  neuro¬ 
plasticity  and  sustained  increases  in  respiratory,  autonomic, 
and/or  somatic  motor  output  (Dick  et  al.,  2007;  Lovett-Barr  et  al., 
2012;  Fuller  and  Mitchell,  2017).  For  these  reasons,  AIH  is  being 
actively  explored  as  a  therapeutic  modality  to  promote  motor 
recovery  following  neurologic  disorders  including  spinal  cord 


8350  •  J.  Neurosci.,  August  30, 201 7  •  37(35):8349  -  8362 


Streeter,  Sunshine  et  al.  •  Hypoxia  and  Propriospinal  Connectivity 


injury  (Trumbower  et  al.,  2012;  Hayes  et  al.,  2014;  Tester  et  al., 
2014;  Gonzalez- Rothi  et  al,  2015)  and  amyotrophic  lateral  scle¬ 
rosis  (ALS;  Nichols  et  al.,  2013,  2015). 

To  date,  studies  of  AIH-induced  neuroplasticity  have  primarily 
used  nerve  or  muscle  recordings  and  mechanistic  cellular  models 
have  focused  on  motoneurons  (Gonzalez- Rothi  et  al.,  2015).  This  is 
in  part  because  the  dogma  in  the  field  of  respiratory  neural  con¬ 
trol  is  that  diaphragm  activation  on  a  breath-by-breath  basis  is 
driven  by  monosynaptic  bulbospinal  inputs  to  phrenic  motoneu¬ 
rons  (Lee  and  Fuller,  2011).  However,  the  robust  C-IN  response 
to  acute  hypoxia  (Sandhu  et  al.,  2015;  Streeter  et  al.,  2017),  and 
anatomical  evidence  that  C-INs  can  be  synaptically  connected  to 
phrenic  motoneurons  (Lane  et  al.,  2008;  Lane,  2011)  raises  the  pos¬ 
sibility  that  C-INs  are  part  of  a  propriospinal  network  which  can 
impact  phrenic  motor  output.  Further  support  for  this  idea  comes 
from  experiments  showing  that  monosynaptic  activation  of  phrenic 
motoneurons  can  rapidly  switch  to  polysynaptic  activation  follow¬ 
ing  serotonin  release  (Mitchell  et  al.,  1992;  Ling  et  al.,  1994). 

Here  we  used  a  multielectrode  recording  array  to  simultane¬ 
ously  monitor  multiple  C-INs  during  and  following  AIH.  Our  a 
priori  hypothesis  focused  on  network  connectivity  within  the 
midcervical  (C4/5)  spinal  cord.  This  was  evaluated  using  cross¬ 
correlation  analyses  to  examine  the  temporal  relationship  be¬ 
tween  discharging  C-INs.  We  hypothesized  that  AIH  would  alter 
propriospinal  connectivity  as  shown  by  an  increase  in  the  inci¬ 
dence  of  C-INs  with  temporally  related  discharge  patterns.  Test¬ 
ing  this  hypothesis  also  enabled  us  to  determine  how  AIH  altered 
the  firing  properties  (e.g.,  discharge  rate  and  pattern)  of  indi¬ 
vidual  C-INs  after  AIH.  Initial  evaluation  of  our  data  revealed 
pre-phrenic  C-INs  which  were  synaptically  coupled  to  phrenic 
motoneurons.  Using  post  hoc  analyses  we  therefore  tested  the 
additional  hypothesis  that  AIH  would  alter  the  degree  of  func¬ 
tional  connectivity  between  pre-phrenic  C-INs  and  other  C-INs. 
Collectively,  the  data  provide  the  most  comprehensive  evaluation 
of  C-IN  discharge  and  functional  connectivity  to  date.  Our  re¬ 
sults  indicate  that  AIH  alters  excitatory  and  inhibitory  connectiv¬ 
ity  between  C-INs  and  thus  we  conclude  AIH  induces  plasticity  in 
the  cervical  spinal  network. 

Materials  and  Methods 

Animals.  All  neurophysiologic  experiments  were  conducted  with  adult 
male  (n  =  12;  383  ±  8  g)  Sprague-Dawley  rats  (Colony  217,  ENVIGO 
Laboratories).  Rats  were  housed  in  pairs  in  a  controlled  environment  (12 
h  light/dark  cycles)  with  food  and  water  ad  libitum.  All  experimental 
protocols  were  approved  by  the  Institutional  Animal  Care  and  Use  Com¬ 
mittee  at  the  University  of  Florida. 

Neurophysiologic  preparation.  Rats  were  anesthetized  with  3%  isoflu- 
rane  (in  100%  02)  and  transferred  to  a  heated  surgical  station  where  core 
body  temperature  was  maintained  at  37  ±  0.5°C  (model  700  TC-1000, 
CWE).  The  trachea  was  cannulated  and  rats  were  pump -ventilated  (Ro¬ 
dent  Ventilator  683,  Harvard  Apparatus)  and  a  bilateral  vagotomy  was 
performed.  Inspired  C02  was  added  to  maintain  end-tidal  C02  between 
—45  and  50  mmHg  (Capnogard,  Respironics).  Tracheal  pressure  was 
continuously  monitored  and  lungs  were  periodically  hyperinflated  via 
single  breath  occlusions  ( — 1/h).  A  tail  and  femoral  vein  catheter  were 
placed  for  intravenous  delivery  of  urethane  and  fluids.  Rats  were  slowly 
converted  (6  ml/h;  Harvard  Apparatus  syringe  pump)  to  urethane  anes¬ 
thesia  (1.7  g/kg,  i.v.;  0.17  g/ml  in  distilled  water)  and  isoflurane  was 
withdrawn.  A  femoral  arterial  catheter  was  placed  to  monitor  blood  pres¬ 
sure  and  sample  blood  gases  (i-STATl  Analyzer,  Abbot  Laboratories). 
Using  a  dorsal  approach,  the  left  and  right  phrenic  nerves  were  isolated, 
cut  distally,  and  desheathed.  A  midline  incision  was  made  to  expose 
spinal  vertebrae  C3-T2.  A  suture  tied  around  the  T2  spinous  process  was 
used  to  elevate  and  level  the  spinal  cord.  A  laminectomy  was  performed 
from  C3-C6  and  the  dura  and  arachnoid/pia  over  C4/5  were  removed  to 


prevent  pillowing  of  the  spinal  cord  as  electrodes  were  inserted.  Before 
neuronal  recording,  a  pneumothorax  was  performed  to  decrease  motion 
artifact  associated  with  chest  wall  movement  and  positive  end- expiratory 
pressure  of  1-2  cm  H20  was  applied  to  prevent  atelectasis.  Adequate 
depth  of  anesthesia  was  monitored  by  assessing  arterial  blood  pressure 
responses  to  toe-pinch;  urethane  supplements  (e.g.,  0.2  ml  bolus)  were 
given  if  arterial  pressure  changed  when  the  pinch  was  applied.  Animals 
received  the  neuromuscular  paralytic  pancuronium  bromide  (2.5  mg/kg, 
i.v.,  Hospira)  to  prevent  respiratory  muscle  contraction  during  the  re¬ 
cording  procedures.  A  continuous  infusion  (1-3  ml/h)  of  a  1:4  solution 
(8.4%  sodium  bicarbonate/lactated  Ringer’s  solution,  i.v.)  was  main¬ 
tained  during  the  experiment.  A  subset  of  rats  [n  —  4),  received  the 
nonsteroidal  anti-inflammatory  drug  ketoprofen  [(S)-(  +  )-ketoprofen, 
12.5  mg/kg  in  50%  ETOH,  i.p .;  Sigma- Aldrich] .  We  did  not  detect  any 
apparent  differences  between  groups  and  therefore  all  data  were  combined. 

Recordings.  Bilateral  phrenic  nerve  output  was  recorded  using  custom- 
made  bipolar  suction  electrodes  filled  with  0.9%  saline.  Compound  ac¬ 
tion  potentials  were  amplified  ( X20  k,  Grass  Instruments,  P51 1),  analog 
bandpass  filtered  (3  Hz-3  kHz),  digitized  [  16  bit,  25  k  samples/s/channel; 
Powerl401,  Cambridge  Electronic  Design,  (CED)],  and  integrated  (time 
constant:  20  ms)  with  Spike2  software  (CED).  A  custom-made  multielec¬ 
trode  recording  array  containing  16  tungsten  microelectrodes  (imped¬ 
ance:  10  ±  lMfl;  shank  diameter  125  /xm;  tip  diameter  <1  /x m;  Fred 
Haer)  as  previously  described  (Streeter  et  al.,  2017)  was  used  to  record 
midcervical  spinal  discharge.  Spinal  recordings  were  performed  using  a 
unilateral  (n  =  8)  or  bilateral  recording  approach  {n  =  4)  and  data  were 
pooled  for  analyses.  The  unilateral  recording  arrangement  consisted  of 
two  staggered  rows  of  eight  microelectrodes  spaced  300  /xm  apart  and 
therefore  extended  —2.5  mm.  The  bilateral  recording  arrangement  had 
two  sets  of  eight  electrodes  each  consisting  of  two  staggered  rows  of  four. 
The  inner  two  rows  were  separated  by  1  mm  and  remaining  electrodes 
were  separated  by  300  /xm.  In  both  arrangements,  electrode  tips  were 
maintained  in  a  “fixed  matrix”  in  the  medial-lateral  and  rostral-caudal 
dimension,  by  an  array  guide.  The  array  was  mounted  on  a  stereotaxic 
frame  and  electrodes  were  inserted  above  the  dorsal  root  entry  zone  at 
C4/5.  Microelectrodes  were  advanced  individually  using  micromotors 
until  action  potentials  could  be  discriminated  from  background  activity 
using  an  audio  monitor.  Recordings  were  amplified  ( X  5  k),  analog  band¬ 
pass  filtered  (3  Hz-3  KHz),  digitized  (Power  1401,  CED),  and  recorded 
(Spike2  software,  CED).  After  recording  stable  baseline  (BL)  phrenic 
nerve  activity  and  cervical  spinal  discharge  (e.g.,  at  least  10  min),  animals 
were  exposed  to  three  5  min  episodes  of  hypoxia  (Fi02: 0.1 1;  HI,  H2,  H3) 
separated  by  5  min  ofhyperoxia  (Fi02:  0.50;  PHI,  PH2,  PH3).  A  baseline 
arterial  blood  gas  was  obtained  in  11/12  rats  and  verified  that  animals 
were  well  oxygenated  (e.g.,  Pa02  >95  mmHg)  and  normocapnic  (e.g., 
40-50  mmHg).  In  9/12  animals  an  arterial  blood  sample  was  obtained 
during  HI  and  at  15  min  posthypoxia. 

Data  and  statistical  analyses.  All  data  were  collected  using  Spike2.v8 
software  (CED).  Action  potentials  were  sorted  into  individual  neurons 
and  converted  to  waveforms  using  off-line  spike-sorting  analyses.  Spikes 
were  determined  to  represent  a  “single  unit”  based  on  (1)  at  least  80% 
template  matching,  (2)  assessment  of  inter  spike  interval,  and  (3)  prin¬ 
ciple  component  analysis.  The  “sorted  spike”  waveforms  and  phrenic 
nerve  output  were  analyzed  with  custom  MATLAB  software  (Math- 
Works,  R2015a).  All  data  were  averaged  over  the  stable  portion  (center 
50  neural  breaths)  of  each  experimental  time  point.  Statistical  analyses 
were  performed  in  GraphPad  Prism  7  and  MATLAB  (see  Table  1 ).  For  all 
comparisons  using  ANOVA,  values  during  hypoxic  episodes  were  com¬ 
pared  with  BL  (e.g.,  BL,  HI,  H2,  H3)  and  a  separate  ANOVA  was  used  to 
examine  non-hypoxic  time  points  (e.g.,  BL,  PHI,  PH2,  PH3,  15).  The 
significance  level  was  set  to  0.05,  except  one  instance  in  which  it  was  set  to 
0.02  (discussed  below). 

Blood  gas  variables  (e.g.,  Pa02  and  PaC02)  were  analyzed  using  a 
one-way  ANOVA  and  individual  comparisons  were  made  using  Fisher’s 
least  significant  difference  (LSD)  post  hoc  test.  Mean  arterial  pressure  was 
compared  using  a  one-way  ANOVA  and  individual  time  point  compar¬ 
isons  were  determined  using  Fisher’s  LSD  post  hoc  test. 

Integrated  phrenic  amplitude  was  reported  as  amplitude  (/xV)  and 
phrenic  burst  frequency  was  expressed  as  neural  breaths  per  minute. 
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Figure  1.  Phrenic  nerve  output  before,  during,  and  following  acute  intermittent  hypoxia  A,  Representative  compressed  raw 
and  integrated  left  phrenic  neurogram  (/xV),  instantaneous  burst  frequency  (per  minute)  before,  during,  and  15  min  post-AIH.  B, 
C,  Average  left  phrenic  burst  amplitude  (juV;  B),  and  frequency  (neural  breaths  per  minute;  0  during  the  center  50  breaths  of  each 
experimental  time  point.  ^Significantly  different  from  BL.  Scale  bar,  5  min. 


Differences  in  the  left  and  right  phrenic  nerve  burst  amplitudes  were 
indistinguishable  at  all  time  points  ( p  =  0.6470);  therefore,  analysis  of 
peak  bursting  focused  on  the  left  phrenic  nerve.  Using  the  integrated 
phrenic  nerve  output,  the  respiratory  cycle  was  divided  into  inspiratory 
and  expiratory  phases.  The  beginning  of  the  inspiratory  phase  and  expi¬ 
ratory  phase  were  identified  as  a  departure  of  phrenic  nerve  activity  >15 
SD  above  the  average  activity  during  the  expiratory  phase.  A  two-way 
repeated-measure  ANOVA  was  used  to  compare  left  and  right  phrenic 
nerve  amplitude.  For  each  phrenic  nerve  variable  (i.e.,  amplitude  and 
frequency)  a  one-way  ANOVA  with  repeated-measures  design  was  used 
for  statistical  comparisons  and  individual  time  point  comparisons  were 
determined  by  Fisher’s  LSD  post  hoc  test. 

Spike-triggered  averaging  (STA)  of  the  phrenic  nerve  activity  in  rela¬ 
tion  to  spinal  neuron  discharge  was  used  to  examine  the  temporal  rela¬ 
tionship  of  neuronal  spikes  and  phrenic  motor  output  (Lipski  et  al., 
1983).  Phrenic  nerve  activity  was  rectified  and  filtered  with  a  two-pole 
Butterworth  filter  (250-3000  Hz)  for  all  subsequent  analyses.  Left  and 
right  phrenic  nerves  were  averaged  separately  using  the  sorted  spikes 
(waveforms)  of  each  recorded  neuron  as  trigger  events.  Short-latency 
(e.g.,  <1.0  ms)  peaks  >5  SD  from  the  average  background  (calculated 
over  6  ms  before  the  trigger)  were  taken  as  evidence  that  the  recorded 
neuron  was  a  phrenic  motoneuron  (Mitchell  et  al.,  1992;  Sandhu  et  al., 
2015).  Identified  phrenic  motorneurons  were  excluded  for  all  subse¬ 
quent  analyses. 

If  a  short-latency  feature  was  not  detected  in  the  STA,  the  recorded  cell 
was  classified  as  a  C-IN.  C-IN  discharge  during  inspiration  and  expi¬ 
ration  was  compared  using  a  one-way  ANOVA.  For  each  respiratory 
phase  variable,  a  one-way  ANOVA  was  used  for  statistical  comparisons 
and  individual  time  point  comparisons  were  determined  with  Fisher’s 
LSD  post  hoc  test.  Baseline  frequency  of  activated  versus  inhibited  C-INs 
was  analyzed  using  a  two-tailed  unpaired  t  test. 

To  evaluate  functional  connectivity,  cross-correlation  histograms 
were  constructed  for  all  possible  pairs  of  simultaneously  recorded  neu¬ 


rons  using  a  bin  width  of  0.2  ms  (Moore  et  al., 
1970).  The  detectability  index  (DI;  Aertsen  and 
Gerstein,  1985)  was  calculated  for  each  corre- 
logram  as  the  peak  (or  trough)  relative  to  aver¬ 
age  background  activity  (calculated  over  12  ms 
before  the  trigger),  divided  by  the  SD.  Features 
were  considered  significant  if  the  DI  was  >3 
(Meissen  and  Epping,  1987),  and  only  signifi¬ 
cant  features  in  the  positive  direction  were 
counted.  Peaks  or  troughs  are  consistent  with 
functional  excitation  or  inhibition  between  the 
trigger  and  target  neurons,  respectively  (Kirk¬ 
wood,  1979;  Aertsen  and  Gerstein,  1985).  Summary 
graphs  were  expressed  as  the  number  of  positive 
cross-correlogram  features  (CCs)  expressed  as  a 
percentage  of  the  total  number  of  possible  fea¬ 
tures  (i.e.,  based  on  the  total  number  of  re¬ 
corded  cells  at  that  time  point).  For  statistical 
comparisons,  the  proportions  of  CCs  were  av¬ 
eraged  during  hypoxia  episodes  and  during 
posthypoxia  episodes.  Using  these  values,  sep¬ 
arate  x2  tests  with  Yates’  correction  (Hazra  and 
Gogtay,  2016)  were  used  to  analyze  differences 
in  the  proportion  of  CCs  from  BL. 

Features  in  the  phrenic  nerve  STA  occurring 
with  a  lag  time  >  1.0  ms  were  taken  as  evidence 
that  the  recorded  cell  was  synaptically  anteced¬ 
ent  to  the  phrenic  motoneuron  pool  (i.e., 
pre-phrenic  C-IN;  Lane  et  al.,  2008).  A  10  Hz 
high-pass  filter  was  applied  to  the  rectified 
phrenic  signals  used  to  construct  pre-phrenic 
STAs.  Features  were  considered  significant  if: 
( 1 )  the  STA  was  2  SD  from  the  mean  activity 
before  the  trigger  period  (calculated  in  the  in¬ 
terval  —  6  to  0  ms)  and  (2)  the  feature  remained 
at  this  level  for  at  least  0.75  ms.  Offset  STA 
features  with  positive  deflections  (peaks)  were 
taken  as  evidence  of  excitatory  pre-phrenic  C-INs,  whereas  offset  STA 
features  with  negative  deflections  (troughs)  indicated  inhibitory  pre-phrenic 
C-INs.  A  two-tailed  unpaired  t  test  was  used  to  analyze  differences  in  STA 
parameters  (e.g.,  time  to  onset  and  time  to  peak)  between  excitatory  and 
inhibitory  STA  features.  In  subsequent  analyses,  cross-correlation  histo¬ 
grams  were  constructed  between  identified  pre-phrenic  interneurons  and 
other  C-INs.  For  statistical  comparisons,  the  proportions  of  CCs  were  aver¬ 
aged  during  hypoxia  episodes  and  during  posthypoxia  episodes.  Using  these 
values,  separate  Fisher’s  exact  tests  were  used  to  analyze  differences  in  the 
proportion  of  CCs  from  BL.  Linear  regression  analysis  was  used  to  examine 
the  relationship  between  the  proportion  of  second-order  excitatory  neurons  to 
excitatory  pre-phrenic  C-INs  during  AIH. 

Cycle-triggered  histograms  (Lindsey  et  al.,  1992)  were  used  to  classify 
C-IN  firing  patterns  relative  to  the  respiratory  cycle.  Cycle-triggered  his¬ 
tograms  were  constructed  for  each  neuron  by  dividing  each  respiratory 
period  into  20  bins.  Neuronal  spikes  were  then  counted  within  each  bin 
and  summated  over  the  respective  bin  across  50  consecutive  breaths.  The 
resulting  histogram  was  overlaid  with  the  averaged  integrated  phrenic 
waveform  from  the  same  50  consecutive  breaths,  providing  a  visualiza¬ 
tion  of  neural  discharge  in  relation  to  the  respiratory  cycle.  To  determine 
whether  neurons  were  respiratory  modulated,  the  cycle-triggered  histo¬ 
grams  were  separated  into  inspiration  and  expiration  and  the  Wilcoxon 
signed-rank  test  was  used  to  test  the  null  hypothesis  (i.e.,  no  difference 
between  inspiration  and  expiration).  Upon  visual  inspection  of  the  data, 
the  significance  level  was  adjusted  to  0.02  to  reflect  a  physiologically 
meaningful  modulation  of  neuronal  firing  with  regard  to  the  respiratory 
cycle.  Neurons  which  were  identified  as  respiratory  modulated  at  BL 
were  then  categorized  as  inspiratory  or  expiratory  modulated  according 
to  the  phase  of  the  respiratory  cycle  in  which  the  cell  was  most  active. 
Neurons  not  respiratory  modulated  (i.e.,  no  significant  difference  if  ac¬ 
tivity  between  inspiration  and  expiration)  were  classified  as  tonic.  Those 
which  were  not  active  during  BL  were  classified  as  recruited. 
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Table  1.  Output  of  all  statistical  tests 


Comparison 

Test 

Test  output 

P 

Fig.  1 

L  vs  R  phrenic  amp 

Two-way  RM  AN0VA 

^(i.22,  =  0.2156 

0.647 

L  phrenic  amp:  hypoxia 

One-way  RM  AN0VA 

f  (1.205,  12.25)  =  28.34 

0.0001 

L  phrenic  amp:  posthypoxia 

One-way  RM  ANOVA 

f (1.555,  17.11)  =  2-218 

0.0082 

Phrenic  frequency:  hypoxia 

One-way  RM  ANOVA 

f (1.1 54, 12.69)  =  5*488 

0.0330 

Phrenic  frequency:  posthypoxia 

One-way  RM  ANOVA 

f (1.514, 16.65)  =  20-08 

<0.0001 

Fig.  3 

Activated  vs  inhibited  C-INs  BL  firing  rate  inspiration 

Unpaired  t test  (two-tailed) 

1(72)  =  2-46 

0.0163 

Activated  vs  inhibited  C-INs  BL  firing  rate  expiration 

Unpaired  t test  (two-tailed) 

1(70)  =  0-9673 

0.3367 

Activated  C-INs  inspiration:  hypoxia 

One-way  ANOVA 

f(3,226)  =  4-184 

0.0066 

Activated  C-INs  inspiration:  posthypoxia 

One-way  ANOVA 

f (4,228)  =  0.3  2  96 

0.8579 

Activated  C-INs  expiration:  hypoxia 

One-way  ANOVA 

f (3,221)  =  2.799 

0.0409 

Activated  C-INs  expiration:  posthypoxia 

One-way  ANOVA 

f(4  227)  =  0.46  48 

0.7615 

Inhibited  C-INs  inspiration:  hypoxia 

One-way  ANOVA 

f(3,75)  =  3.061 

0.0333 

Inhibited  C-INs  inspiration:  posthypoxia 

One-way  ANOVA 

f(4,80)  =  4-623 

0.0021 

Inhibited  C-INs  expiration:  hypoxia 

One-way  ANOVA 

f(3,68)  =  2-726 

0.0508 

Inhibited  C-INs  expiration:  posthypoxia 

One-way  ANOVA 

f(4,7i)  =  3.781 

0.0076 

Fig.  4 

All  excitatory  CCs:  BL  vs  hypoxia 

X2  with  Yates'  correction 

Xl,A/=696)  =  0.2061 

0.6498 

All  excitatory  CCs:  BL  vs  posthypoxia 

X2  with  Yates'  correction 

Aj,A/=673)  =  5-621 

0.0177 

All  excitatory  CCs:  BL  vs  15  min 

X2  with  Yates'  correction 

Aj,A/=534)  =  3.142 

0.0763 

<1  hypoxia  Excitatory  CCs:  BLvs  hypoxia 

X2  with  Yates'  correction 

^Vl,A/=696)  =  12.56 

<0.0001 

<1  hypoxia  Excitatory  CCs:  BLvs  posthypoxia 

X2  with  Yates'  correction 

2^i,a/=673)  =  8-637 

0.0565 

<  1  hypoxia  Excitatory  CCs-  BL  vs  1 5  min 

X2  with  Yates'  correction 

Al1,A/=534)  =  2.14 

0.1435 

<1  posthypoxia  Excitatory  CCs:  BLvs  hypoxia 

X2  with  Yates'  correction 

Aj,a/=696)  =  0.59  25 

0.4415 

<1  posthypoxia  Excitatory  CCs:  BLvs  posthypoxia 

X2  with  Yates'  correction 

Aj,a/=673)  =  86.05 

<0.0001 

<  1  posthypoxia  Excitatory  CCs-  BL  vs  1 5  min 

X2  with  Yates'  correction 

/Yi,/V=534)  =  18.52 

0.0002 

Fig.  5 

All  inhibitory  CCs:  BL  vs  hypoxia 

X2  with  Yates'  correction 

2^i,a/=696)  =  0.2  1  08 

0.6462 

All  Inhibitory  CCs:  BL  vs  posthypoxia 

X2  with  Yates'  correction 

2^i,a/=673)  =  8-467 

0.0626 

All  Inhibitory  CCs:  BLvs  15  min 

X2  with  Yates'  correction 

Al1,A/=534)  =  4.062 

0.0439 

<1  hypoxia  Inhibitory  CCs:  BL  vs  hypoxia 

X2  with  Yates'  correction 

Aj,A/=696)  =  5.801 

0.0160 

<1  hypoxia  Inhibitory  CCs:  BL  vs  posthypoxia 

X2  with  Yates'  correction 

Aj,a/=673)  =  0.21  63 

0.6419 

<1  hypoxia  Inhibitory  CCs:  BLvs  15  min 

X2  with  Yates'  correction 

Aj,A/=534)  =  1-142 

0.2852 

<1  posthypoxia  Inhibitory  CCs:  BL  vs  hypoxia 

X2  with  Yates'  correction 

2^1,A/=696)  =  0.01  50 

0.9023 

<1  posthypoxia  Inhibitory  CCs:  BL  vs  posthypoxia 

X2  with  Yates'  correction 

*Ia/=673)  =  0.1263 

0.7223 

<1  posthypoxia  Inhibitory  CCs:  BLvs  15  min 

X2  with  Yates'  correction 

Al1,A/=534)  =  0.1522 

0.6965 

Fig.  6 

Excitatory  vs  inhibitory  pre-phrenic  onset  STA 

Unpaired  t test  (two-tailed) 

1(6)  =  0.4851 

0.6448 

Excitatory  vs  inhibitory  pre-phrenic  STA  peak 

Unpaired  t test  (two-tailed) 

1(6)  =  0.8584 

0.4236 

Fig.  7 

2nd  order  C-INs  to  excitatory  pre-phrenic  C-INs-  BL  vs  hypoxia 

Fisher's  exact  test 

n  =  44 

0.4803 

2nd  order  C-INs  to  excitatory  pre-phrenic  C-INs:  BL  vs  posthypoxia 

Fisher's  exact  test 

ft  =  40 

0.0896 

2nd  order  C-INs  to  excitatory  pre-phrenic  C-INs:  BL  vs  15  min 

Fisher's  exact  test 

ft  =  35 

>0.9999 

2nd  order  C-INs  to  excitatory  pre-phrenic  C-INs:  hypoxia 

Linear  Regression 

F(  1,2)  =  108.9 

0.0091 

2nd  order  C-INs  to  excitatory  pre-phrenic  C-INs:  posthypoxia 

Linear  Regression 

F0  3)  =  0.1538 

0.7211 

Table  2 

Pa02 

One-way  ANOVA 

^26)  =  120-6 

<0.0001 

PaC02 

One-way  ANOVA 

f(2,26)  =  0.6328 

0.5391 

MAP:  hypoxia 

One-way  ANOVA 

f( 3,37)  =  8.266 

0.0320 

MAP:  posthypoxia 

One-way  ANOVA 

f(4,46)  =  0.1974 

0.9385 

MAP,  Mean  arterial  pressure. 

Table  2.  Average  arterial  P02/  PC02,  and  MAP  before,  during,  and  15  min  after  AIH 

BL  HI  15  PHI 

H2 

PH2  H3 

PH3 

Pa02 

228  ±  7  40  ±  2*  188  ±  14* 

PaC02 

46.6  ±  1.3  44.8  ±  1.9  47.2  ±  1.3 

MAP 

128  ±  9  95  ±12*  89  ±11  121  ± 

11  88  ±11* 

121  ±11  87  ±11* 

123  ±  11 

^Significantly  different  from  BL.  MAP,  Mean  arterial  pressure. 


Results  of  all  statistical  analyses  are  provided  in  Table  1.  In  the  Results 
section,  relevant  p  values  from  post  hoc  tests  are  included  to  illustrate 
significant  differences  between  individual  time  points. 

Results 

Blood  gases  and  arterial  pressure 

Arterial  blood  gas  data  and  blood  pressure  are  summarized  in  Table 
2.  Baseline  arterial  blood  samples  confirmed  rats  were  well  oxygen¬ 
ated  and  normocapnic  (Table  2).  As  expected,  Pa02  was  decreased 


during  HI  (p  <  0.0001).  Rats  remained  well  oxygenated  at  15  min 
post-AIH,  but  this  value  was  reduced  compared  with  BL  (p  = 
0.0034).  PaC02  values  were  not  different  from  BL  during  HI  or  15 
min  after  AIH  (p  =  0.5391).  As  previously  reported  in  this  prepara¬ 
tion  (Bavis  and  Mitchell,  2003),  the  mean  arterial  blood  pressure  was 
decreased  during  each  bout  of  hypoxia  relative  to  BL  (HI:  p  = 
0.0369;  H2:p  =  0.0121;  H3:p  =  0.01 16),  butwas  not  different  from 
BL  at  any  time  point  posthypoxia  (allp  >  0.9385). 
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Increase  in  response  to  HI 
Decrease  in  response  to  HI 


Figure  2.  C-IN  activity  before,  during,  and  following  acute  intermittent  hypoxia.  Representative  compressed  firing  rate  traces  (pulses  per  second),  corresponding  locations  of  C-INs,  and 
integrated  phrenic  neurogram  from  one  experiment  before,  during,  and  15  min  post-AIH. 


Phrenic  nerve  activity  during  AIH 

Representative  phrenic  neurogram  and  instantaneous  burst  fre¬ 
quency  are  shown  in  Figure  1A.  Average  rectified,  integrated 
burst  amplitude  before,  during,  and  15  min  post-AIH  is  shown  in 
Figure  IB.  As  expected,  amplitude  increased  during  each  bout  of 
hypoxia  (HI:  p  <  0.0001;  H2:  p  =  0.0002;  H3:  p  =  0.0004)  com¬ 
pared  with  BL.  Burst  amplitude  remained  elevated  during  each 
posthypoxic period  (PHI: p  =  0.0039;  PH2:p  =  0.0126;  PH3:p  = 
0.0288),  but  was  not  different  from  BL  at  15  min  posthypoxia 
(p  =  0.0951).  Average  burst  frequency  before,  during,  and  15 
min  post-AIH  is  shown  in  Figure  1C.  Phrenic  burst  frequency 
tended  to  increase  during  HI  and  H2,  and  was  significantly  in¬ 
creased  from  BL  during  H3  (p  =  0.0176).  A  decrease  in  burst 
frequency  occurred  following  each  bout  of  hypoxia  (PHI:  p  = 
0.0025;  PH2:  p  =  0.0031;  PH3:  p  =  0.0144);  however  at  15  min 
post-AIH,  frequency  was  not  different  from  BL  (p  =  0.3695). 

C-IN  discharge  during  AIH 

Representative  C-IN  firing  rate  histograms  and  phrenic  neuro- 
gram  from  one  animal  are  shown  in  Figure  2.  To  characterize  the 
response  to  AIH,  neurons  were  separated  into  two  groups  based 
on  their  firing  rate  during  the  first  episode  of  hypoxia  (e.g.,  HI). 
C-INs  increasing  firing  rate  during  HI  were  classified  as  “hypoxia 
activated”  and  cells  which  decreased  firing  rate  were  considered 
“hypoxia  inhibited”.  During  the  first  episode  of  hypoxia,  73%  of 
C-INs  increased  firing  rate,  and  21%  decreased  firing  rate  during 
the  inspiratory  phase.  A  similar  proportion  of  neurons  increased 
(71%)  and  decreased  (19%)  firing  rate  during  the  expiratory 
phase.  The  average  increase  in  firing  rate  (from  BL)  for  hypoxia- 
activated  C-INs  was  10.6  ±  1.0  pps,  whereas  hypoxia- inhibited 
cells  decreased  by  8.6  ±2.1  pps. 


Heat  maps  illustrating  the  firing  rate  of  individual  C-INs  as 
well  as  average  rate  during  the  inspiratory  and  expiratory  phases 
are  shown  in  Figure  3,  A  and  B,  respectively.  At  BL  hypoxia- 
activated  neurons  had  a  significantly  lower  firing  rate  during  the 
inspiratory  phase  (9.5  ±  1.3  pps)  compared  with  hypoxia- 
inhibited  neurons  (15.8  ±  2.3  pps;p  =  0.0163;  Fig.  3A).  During 
the  inspiratory  phase,  hypoxia- activated  C-INs  increased  firing 
rate  by  an  average  of  6.7  ±  2.2%  during  HI  (p  =  0.0028),  7.1  ± 
2.3%  during  H2  ( p  =  0.0020),  and  5.8  ±  2.3%  during  H3  ( p  = 
0.009 1 ) .  However,  the  firing  rate  of  these  cells  was  not  persistently 
altered  following  AIH,  and  returned  to  BL  values  after  15  min 
(p  =  0.9059).  Hypoxia-inhibited  C-INs  decreased  firing  rate  dur¬ 
ing  the  inspiratory  phase  by  an  average  of  5.9  ±  2.8%  during  HI 
(p  =  0.0435),  6.2  ±  2.8%  during  H2  (p  =  0.0337),  and  8.1  ± 
2.8%  during  H3  (p  =  0.0062).  Cells  classified  as  hypoxia  inhib¬ 
ited  had  a  decreased  firing  rate  following  all  hypoxia  episodes 
(PHI:  p  =  0.0108;  PH2:  p  =  0.0021;  PH3:  p  =  0.0004),  which 
remained  below  BL  15  min  post-AIH  (p  =  0.0034).  Similar 
changes  in  discharge  frequency  during  the  expiratory  phase  were 
noted  for  both  hypoxia- activated  and  -inhibited  C-INs  (Fig.  3 B). 
Together,  these  results  indicate  that:  (1)  the  majority  of  C-INs 
(>90%)  alter  firing  rate  in  response  to  hypoxia,  (2)  hypoxia- 
activated  C-INs  had  a  lower  BL  firing  rate  compared  with 
hypoxia-inhibited  C-INs,  and  (3)  hypoxia-inhibited  C-INs  showed 
a  persistent  inhibition  with  discharge  rates  remaining  below  BL  at  15 
min  post-AIH. 

Functional  connectivity  of  C-INs  during  AIH 

Cross-correlation  analysis  was  used  to  evaluate  short  time  scale 
(i.e.,  0-10  ms)  discharge  synchrony  among  C-INs  before,  during, 
and  after  AIH.  Significant  features  (i.e.,  peaks  and  troughs)  were 
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Figure  3.  C-IN  activity  before,  during,  and  following  acute  intermittent  hypoxia.  A,  B,  Firing  rate  heat  maps  summarizing  firing  rate  of  individual  neurons  and  average  firing  rate  (pulses  per 
second)  before,  during,  and  15  min  post-AIH  for  hypoxia-activated  and  -inhibited  neurons  during  inspiration  [A,  open  bars)  and  expiration  ( B ,  shaded  bars).  For  all  heat  maps,  each  row  represents 
the  firing  rate  of  one  C-IN  and  is  organized  according  to  BL  firing  rate.  *Significantly  different  from  BL.  #Significantly  different  from  hypoxia-activated  BL. 


identified  as  departures  in  the  cross-correlation  histogram  >3  SD 
above  the  background  (Aertsen  and  Gerstein,  1985;  Meissen  and 
Epping,  1987;  Aertsen  et  al.,  1989).  Positive  (Fig.  4A)  and  negative 
(Fig.  5A)  correlogram  features  were  taken  as  evidence  for  excit¬ 
atory  or  inhibitory  connectivity,  respectively  (Kirkwood,  1979; 
Aertsen  and  Gerstein,  1985).  Heat  maps  derived  from  the  cross¬ 
correlation  analysis  illustrate  connectivity  among  C-IN  pairs.  For 
all  heat  maps,  each  row  represents  a  pair  of  neurons.  When  no 
correlogram  feature  was  detected  the  position  in  the  matrix  was 
colored  dark  purple;  when  a  feature  was  present,  the  position  was 
colored  according  the  proportion  of  C-INs  that  showed  a  feature 
at  that  time  point.  Thus,  the  color  of  each  column  illustrates  the 
proportion  of  functional  connections  observed  at  each  time 
point.  The  proportion  of  positive  correlogram  features  was  ex¬ 
pressed  relative  to  the  total  number  of  possible  connections  (i.e., 
based  on  the  total  number  of  recorded  cells  at  that  time  point). 

The  average  proportion  of  excitatory  connections  is  shown 
in  Figure  4.  During  BF,  excitatory  connections  were  detected 
among  32%  of  C-IN  pairs  (Fig.  4 B).  When  all  C-INs  with  an 
excitatory  connection  were  examined,  we  detected  an  increase  in 
the  average  number  of  positive  correlograms  following  hypoxia 
(PHI,  PH2,  PH3)  compared  with  BF  (41%,  p  =  0.0177).  Excit¬ 
atory  connectivity  was  slightly  elevated  1 5  min  posthypoxia, 
but  this  did  not  reach  the  threshold  for  statistical  significance 
( p  =  0.0763  vs  BF).  Neuronal  pairs  for  which  a  correlogram  peak 
was  present  during  one  or  more  hypoxia  or  posthypoxia  periods 
are  summarized  in  Figure  4,  C  and  D,  respectively.  In  C-INs  with 
positive  correlogram  features  during  hypoxia,  the  average  num¬ 


ber  of  excitatory  connections  was  19%  at  BF,  and  this  was  in¬ 
creased  to  34%  during  hypoxia  (Fig.  4C;  p  <  0.0001).  In  those 
neuronal  pairs  which  showed  positive  correlogram  features  fol¬ 
lowing  hypoxia,  the  average  number  of  excitatory  connections 
was  increased  during  the  initial  posthypoxia  period  (41%;  p  < 
0.0001  vs  BF)  and  remained  increased  15  min  post-AIH  (p  = 
0.0002).  These  data  show  for  the  first  time  that  AIH  enhances 
excitatory  connectivity  among  C-INs. 

In  contrast  to  the  number  of  excitatory  connections,  compar¬ 
atively  few  inhibitory  connections  (4%)  were  detected  at  BF  (Fig. 
5).  Overall,  the  number  of  inhibitory  connections  did  not  change 
during  hypoxia  (p  =  0.6462)  or  following  hypoxia  (p  =  0.0626), 
but  was  significantly  reduced  at  15  min  post-AIH  (p  =  0.0439). 
In  C-INs  functionally  connected  during  hypoxia,  the  average 
number  of  inhibitory  connections  during  hypoxia  was  increased 
to  34%  compared  with  19%  at  BF  (Fig.  4C;  p  =  0.0160).  No 
significant  changes  were  detected  in  the  subset  of  neurons  that 
were  functionally  connected  during  at  least  one  posthypoxia  (Fig. 
4D).  These  results  indicate  that  inhibitory  connections  were  en¬ 
hanced  in  a  subset  of  C-INs  during  hypoxia  exposure,  and  re¬ 
duced  15  min  following  the  AIH  paradigm.  Together,  these  data 
show  that  AIH  alters  excitatory  and  inhibitory  connectivity,  lead¬ 
ing  to  a  more  excited  propriospinal  network. 

“Pre-phrenic”  C-INs  during  AIH 

In  8%  of  recordings,  STA  of  the  rectified  phrenic  nerve  activity  in 
relation  to  neuronal  discharge  produced  a  broad  feature  with  a 
delay  >1  ms  (Fig.  6).  This  delay  suggests  that  the  cell  was  synap- 
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Figure  4.  Excitatory  connectivity  of  C-INs  before,  during,  and  following  acute  intermittent  hypoxia.  A,  Representative  example  of  integrated  phrenic  output  and  activity  from  a  pair  of  C-INs  and 
resulting  excitatory  CC.  B-D,  Using  cross-correlation  analysis,  heat  mapsfor  excitatory  correlograms  were  constructed  before,  during,  and  for  1 5  min  post-AIH  for  all  C-IN  pairs.  For  all  heat  maps,  each 
row  represents  a  neuronal  pair.  When  no  correlogram  feature  was  detected  the  position  in  the  matrix  was  colored  dark  purple  and  when  a  feature  was  present,  the  position  was  colored  according 
the  proportion  of  C-INs  that  showed  a  feature  at  that  time  point.  The  color  of  each  column  represents  the  proportion  of  positive  CCs  (as  a  percentage  of  possible  connections)  during  each  time  point. 
Neuronal  pairs  with  a  connection  during  at  least  one  hypoxia  (0,  and  neuronal  pairs  with  a  connection  during  at  least  one  posthypoxia  [D).  The  proportion  of  excitatory  connections  (as  a  percentage 
of  possible  connections)  during  each  time  point  is  shown  below  each  heat  map.  *Significantly  different  from  BL. 


tically  coupled  to  the  phrenic  motoneuron  pool,  as  the  latency  is 
greater  than  synaptic  delay  (e.g.,  1.0  ms;  Borst  et  al.,  1995);  these 
neurons  were  classified  as  pre-phrenic  C-INs  (Lane  et  al.,  2008). 
Offset  STA  peaks  were  taken  as  evidence  of  excitatory  pre- 
phrenic  C-INs  (Fig.  6A),  whereas  offset  troughs  indicated  inhib¬ 
itory  pre-phrenic  C-INs  (Fig.  6B).  With  this  approach,  a  total  of 
five  excitatory  and  two  inhibitory  pre-phrenic  interneurons  were 
identified  (Table  3).  Of  these  seven  cells,  three  were  ipsilateral  to 
the  phrenic  nerve  in  which  the  STA  was  detected.  In  addition,  two 
excitatory  and  one  inhibitory  pre-phrenic  interneuron  produced 
an  STA  in  the  phrenic  nerve  contralateral  to  the  recording  loca¬ 
tion,  consistent  with  a  commissural  connection.  One  inhibitory 
pre-phrenic  interneuron  was  active  during  expiration  produced 
an  STA  for  both  the  left  and  right  phrenic  nerve,  indicating  it  was 
functionally  coupled  to  both  the  left  and  right  phrenic  motor 
pools.  All  excitatory  pre-phrenic  C-INs  fired  with  either  a  tonic 
or  inspiratory  pattern  (Fig.  6C),  whereas  both  inhibitory  pre- 


phrenic  C-INs  had  an  expiratory  pattern  (Fig.  6D).  The  average 
time  to  STA  onset,  and  STA  peak  for  excitatory  and  inhibitory 
pre-phrenic  C-INs  are  shown  in  Figure  6,  E  and  f7,  and  was  no 
different  between  groups  (onset:  p  =  0.6448;  peak:p  =  0.4236). 

We  next  identified  C-INs  that  were  functionally  connected  to 
pre-phrenic  C-INs;  these  neurons  were  operationally  defined  as 
“second  order”  (Fig.  7).  The  relationship  between  the  number  of 
excitatory  connections  from  second-order  C-INs  to  either  excit¬ 
atory  pre-phrenic  neurons  or  inhibitory  pre-phrenic  neurons 
was  quantified  (Fig.  7C,D),  and  examined  using  linear  regression 
(Fig.  7  E,F).  A  strong,  positive  relationship  was  present  between 
the  number  of  excitatory  connections  (n  =  24)  from  second- 
order  neurons  to  excitatory  pre-phrenic  interneurons  (n  =  5) 
during  (R2  =  0.982;  p  =  0.0091),  but  not  after  hypoxia  (R2  = 
0.048;  p  =  0.7211;  Fig.  7E).  We  did  not  detect  a  sufficient  number 
of  inhibitory  pre-phrenic  interneurons  (n  =  2)  to  enable  a  similar 
statistical  test,  but  data  are  shown  in  Figure  7F.  These  results 
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Figure  5.  Inhibitory  connectivity  of  C-INs  before,  during,  and  following  acute  intermittent  hypoxia.  A,  Representative  example  of  integrated  phrenic  output  and  activity  from  a  pair  of  C-INs  and 
resulting  inhibitory  CC.  B-D,  Using  cross-correlation  analysis,  heat  maps  for  inhibitory  correlograms  were  constructed  before,  during,  and  15  min  post-AIH  for  all  C-IN  pairs.  For  all  heat  maps,  each 
row  represents  a  neuronal  pair.  When  no  correlogram  feature  was  detected  the  position  in  the  matrix  was  colored  dark  purple  and  when  a  feature  was  present,  the  position  was  colored  according 
the  proportion  of  C-INs  that  showed  a  feature  at  that  time  point.  The  color  of  each  column  represents  the  proportion  of  positive  CCs  (as  a  percentage  of  possible  connections)  during  each  time  point. 
Neuronal  pairs  with  a  connection  during  at  least  one  hypoxia  (0,  and  neuronal  pairs  with  a  connection  during  at  least  one  posthypoxia  (/)).  The  proportion  of  inhibitory  connections  (as  a  percentage 
of  possible  connections)  during  each  time  point  is  shown  below  each  heat  map.  *Significantly  different  from  BL. 


provide  evidence  that  the  number  of  excitatory  connections  be¬ 
tween  C-INs  and  excitatory  pre-phrenic  interneurons  is  en¬ 
hanced  during  hypoxia.  Thus  we  conclude  that  C-INs  are  an 
integral  part  of  the  neural  network  that  controls  the  diaphragm, 
and  that  the  strength  of  synaptic  connections  in  this  network  may 
be  altered  during  and  after  AIH.  A  schematic  summarizing  the 
connections  from  second-order  C-INs  to  excitatory  and  inhibi¬ 
tory  pre-phrenic  C-INs  is  shown  in  Figure  7,  G  and  H. 

Stratification  of  C-IN  firing  patterns  according  to  the 
respiratory  cycle 

For  a  final  evaluation,  we  phenotypically  stratified  C-INs  as  tonic 
(T),  inspiratory  (I),  expiratory  (E),  or  recruited  (R)  based  on  their 
BL  discharge  pattern  (Fig.  8).  Recruited  neurons  were  defined  as 
cells  which  were  “off”  (e.g.,  did  not  fire)  during  BL,  but  began 
firing  at  a  later  time  point.  In  addition,  a  portion  of  C-INs  was 
active  during  BL  and  turned  off  at  a  subsequent  time  point.  Rep¬ 
resentative  examples  of  the  firing  rate  and  cycle  triggered  histo¬ 
grams  for  phenotypically  defined  C-IN  (e.g.,  T,  I,  E,  and  R)  are 
shown  in  Figure  8,  A  and  B. 

We  next  examined  whether  bursting  patterns  are  altered  dur¬ 
ing  or  after  AIH.  Heat  maps  of  C-IN  firing  patterns  are  shown  in 


Figure  8C.  For  all  heat  maps,  each  row  represented  one  neuron 
and  its  bursting  pattern  at  defined  by  color.  As  illustrated  by  this 
figure,  C-INs  switch  which  respiratory  phase  they  fire  during  in 
response  to  AIH  defined  as  phase  switching.  In  addition,  some 
C-INs  adopted  a  respiratory- related  firing  pattern  (e.g.,  inspira¬ 
tory/expiratory)  in  response  to  hypoxia.  A  summary  of  the  num¬ 
ber  of  C-INs  across  the  experimental  time  points  stratified  by 
firing  pattern  is  presented  in  Figure  8C.  At  each  time  point,  the 
majority  of  recorded  C-INs  (54  ±  2)  fired  tonically  through  the 
respiratory  cycle.  The  average  number  of  C-INs  with  an  inspira¬ 
tory  firing  pattern  was  similar  during  hypoxia  ( 12  ±  2)  compared 
with  posthypoxia  (13  ±  1).  In  contrast,  a  greater  number  of  ex¬ 
piratory  neurons  were  active  during  each  bout  of  hypoxia  (10  ± 
2)  compared  with  posthypoxia  (5  ±  0).  On  average,  more  C-INs 
(80  ±  2)  were  active  during  hypoxia  than  posthypoxia  (72  ±  3), 
indicating  C-INs  were  recruited  during  hypoxic  episodes. 

The  approximate  anatomical  location  of  each  recording  was 
determined  using  the  micromotor  coordinates  of  each  electrode. 
These  data  were  used  to  create  a  map  of  the  locations  of  each  cell 
in  respect  to  the  firing  patterns  across  the  experiment  (Fig.  9). 
These  images  show  the  recording  locations  spanned  the  gray  mat- 
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Figure  6.  Pre-phrenic  C-INs  synaptically  coupled  to  phrenic  motoneurons.  A,  B,  Representative  STA  of  the  rectified  phrenic  nerve  activity  in  relation  to  neuronal  discharge  depicting 
a  broad  peak  (4)  and  trough  ( B )  with  a  latency  >1  ms  and  >  2SD  from  the  mean  activity  (solid  line).  Open  red  circle  denotes  STA  onset,  open  blue  circle  denotes  STA  peak.  C,  D,  Raw 
pre-phrenic  C-IN  and  sorted  spikes  and  raw  and  integrated  phrenic  nerve  activity  from  an  excitatory  (C)  and  inhibitory  (D)  pre-phrenic  C-IN  used  to  construct  STAs  in  A  and  B,  respectively. 
£,  f,  Average  time  between  pre-phrenic  discharge  and  STA  onset  (ms)  and  STA  peak  (ms)  for  excitatory  (£)  and  inhibitory  (£)  pre-phrenic  C-INs.  Scale  bar,  1  s. 


Table  3.  Summary  of  excitatory  and  inhibitory  pre-phrenic  C-INs  bursting  pattern, 
time  point  in  which  the  neuron  was  active,  and  presence  of  a  STA  of  the  rectified 
ipsilateral  and/or  contralateral  phrenic  nerve  activity  in  relation  to  neuronal 
discharge 
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ter  and  show  little  stratification  with  regard  to  C-IN  busting  pat¬ 
tern.  Of  note,  tonic  C-INs  showed  the  greatest  dorsal  ventral 
distribution  and  phrenic  motoneurons  were  located  ventral  to 
C-INs. 

Discussion 

Here  we  demonstrate  that  the  incidence  of  excitatory  and  inhib¬ 
itory  connectivity  among  C-INs  was  persistently  altered  by  AIH, 
indicating  AIH  induces  plasticity  in  the  propriospinal  network. 
Specifically,  following  AIH  we  detected  a  sustained  decrease  in 
inhibitory  connections  as  well  as  increase  in  excitatory  connec¬ 
tivity  between  C-INs.  Successive  bouts  of  hypoxia  also  caused  a 
progressive  increase  in  the  incidence  of  excitatory  connections  to 
C-INs  which  were  synaptically  coupled  to  phrenic  motoneurons 
(i.e.,  pre-phrenic  C-INs).  Collectively,  the  comprehensive  evalu¬ 
ation  of  C-IN  bursting  presented  herein  leads  us  to  conclude  that 
the  spinal  impact  of  AIH  extends  beyond  motoneurons.  AIH- 
induced  alterations  in  C-IN  discharge  and  associated  changes  in 
propriospinal  network  connectivity  may  contribute  to  respiratory, 
somatic,  or  autonomic  responses  and  to  neuroplastic  changes  in 
these  motor  outputs. 


C-INs  and  hypoxia 

In  the  midcervical  spinal  cord,  C-INs  show  both  inspiratory-  and 
expiratory- related  discharge  (Palisses  et  al.,  1989;  Bellingham  and 
Lipski,  1990;  Iscoe  and  Duffin,  1996).  We  observed  respiratory- 
related  C-IN  discharge,  but  also  a  high  prevalence  of  tonic  firing 
C-INs,  some  of  which  were  synaptically  coupled  to  phrenic  mo¬ 
toneurons.  In  regards  to  hypoxia,  we  previously  reported  changes 
in  both  the  rate  and  pattern  of  C-IN  discharge.  Specifically,  fol¬ 
lowing  a  single  hypoxic  episode,  40%  of  the  recorded  C-INs  con¬ 
tinued  to  fire  at  rates  above  prehypoxia  values  (Sandhu  et  al., 
2015)  and  29%  altered  their  discharge  pattern  during  or  follow¬ 
ing  hypoxia  (Streeter  et  al.,  2017).  Here  we  observed  that  >90% 
of  recorded  C-INs  had  altered  firing  rates  during  or  following 
hypoxia.  We  also  provide  the  following  new  information  regard¬ 
ing  C-IN  phenotype  and  the  response  to  hypoxia.  First,  baseline 
C-IN  firing  rate  was  significantly  different  between  cells  which 
were  activated  versus  inhibited  during  hypoxia,  indicating  the 
initial  discharge  pattern  may  predict  the  response  to  hypoxia 
exposure.  Second,  following  AIH  cells  which  were  activated  by 
hypoxia  rapidly  returned  to  BL  firing  rate,  whereas  C-INs  which 
were  inhibited  by  hypoxia  had  persistent  decreases  in  firing  rate, 
suggesting  AIH  has  a  differential  impact  on  populations  of  C-INs. 
Last,  we  noted  that  C-INs  which  were  initially  active  across 
the  entire  respiratory  cycle  (i.e.,  tonic)  can  rapidly  switch  to  a 
respiratory- related  firing  pattern  (e.g.,  inspiratory/expiratory) 
upon  exposure  to  hypoxia.  This  provides  further  evidence  that 
the  cervical  propriospinal  network  is  responding  to  hypoxia  in  a 
manner  that  is  coordinated  with  the  respiratory  network.  Overall, 
the  data  indicate  that  hypoxia  responsiveness  is  a  general  prop¬ 
erty  of  C-INs,  but  that  this  can  manifest  in  numerous  ways. 

The  mechanisms  which  cause  C-INs  to  alter  their  firing  rate 
and  pattern  in  response  to  hypoxia  are  unknown,  but  several 
potential  explanations  are  available.  C-INs  receive  synaptic  input 
from  brainstem  nuclei  associated  with  both  respiratory  (Fedorko 
et  al.,  1983;  Davies  et  al.,  1985;  Hayashi  et  al.,  2003;  Lane  et  al., 
2008)  and  sympathetic  control  (Guyenet,  2000).  These  brainstem 
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Figure  7.  C-INs  temporally  linked  to  pre-phrenic  neurons  before,  during,  and  following  acute  intermittent  hypoxia.  A,  B,  Schematic  of  second-order  excitatory  C-IN  projecting  to  excitatory 
pre-phrenic  (71)  and  inhibitory  pre-phrenic  C-IN  ( B ).  C,  D,  Excitatory  C-INs  (as  a  percentage  of  possible  connections)  temporally  linked  to  excitatory  pre-phrenic  C-INs  (0  and  inhibitory  ( D )  pre-phrenic 
C-INs.  E ,  f,  Linear  regression  analysis  of  the  proportion  of  second-order  excitatory  connections  to  excitatory  (£)  and  inhibitory  (F)  pre-phrenic  C-INs.  G,  H,  Schematic  summarizing  second-order 
excitatory  C-INs  projecting  to  excitatory  (G)  and  inhibitory  (//)  pre-phrenic  interneurons  at  BL  (brown)  and  recruited  (orange)  during  intermittent  hypoxia. 
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Figure  8.  Characterization  of  C-IN  firing  patterns  before,  during,  and  following  acute  intermittent  hypoxia.  A,  Representative  examples  of  the  firing  rate  (pulses  per  second)  during  inspiration 
(open  circles)  and  expiration  (filled  circles)  of  phenotypically  stratified  C-INs  (e.g.,  T,  I,  E,  and  off)  before,  during,  and  15  min  post-AIH.  B,  Representative  examples  of  C-INs  firing  patterns  depicting 
sorted  spikes  (top  trace),  integrated  phrenic  nerve  output  (middle  trace),  and  cycle-triggered  histogram  (CTH;  bottom  trace)  during  50  consecutive  breaths  overlaid  with  the  average  integrated 
phrenic  waveform.  Open  circles  denote  the  beginning  of  the  inspiratory  phase;  closed  circles  denote  the  end  of  the  inspiratory  phase/beginning  of  the  expiratory  phase.  Open  bars  in  CTH  depict 
activity  during  the  inspiratory  phase  and  shaded  bars  depict  activity  during  the  expiratory  phase.  C,  Heat  maps  summarizing  firing  patterns  before,  during,  and  15  min  post-AIH.  For  all  heat  maps, 
each  row  represents  one  neuron  and  are  organized  according  to  BL  cell  type  (T,  E,  I,  off).  Stacked  bar  graph  depicts  the  number  of  C-INs  with  each  firing  pattern  before,  during,  and  15  min  post-AIH 
and  posthypoxia. 


regions  are  robustly  activated  by  hypoxia  (Hirooka  et  al.,  1997), 
and  may  therefore  drive  the  C-IN  response  via  bulbospinal  syn¬ 
aptic  inputs.  The  observed  switch  from  tonic  to  phasic  respira¬ 
tory  bursting  during  hypoxia  indicates  that  at  least  a  subset  of 
C-INs  are  receiving  synaptic  inputs  related  to  the  endogenous 
respiratory  cycle.  An  alternative  possibility  is  that  C-INs  directly 
sense  oxygen.  Indeed,  oxygen- sensing  neurons  are  found  in  var¬ 
ious  brain  regions  (Neubauer  and  Sunderram,  2004),  and  recent 
evidence  suggests  a  subpopulation  of  C-INs  sense  changes  in  ox¬ 
ygen  in  lieu  of  brainstem  input  (Wilson  et  al.,  2015). 

Pre-phrenic  C-INs 

Several  laboratories  have  suggested  that  C-INs  are  functionally 
connected  to  phrenic  motoneurons  (Palisses  et  al.,  1989;  Belling¬ 
ham  and  Lipski,  1990;  Douse  and  Duffin,  1993;  Sandhu  et  al., 
2009).  Neuroanatomical  evidence  indicates  that  pre-phrenic 
C-INs  have  the  potential  to  relay  information  from  medullary 
neurons  to  phrenic  motoneurons  (Lane  et  al.,  2008),  or  serve  as 
spinal  commissural  connections  (Lois  et  al.,  2009).  Our  data  are 
consistent  with  both  suggestions  because  we  show  pre-phrenic 
C-INs  can  modulate  ipsilateral  and  contralateral  phrenic  output. 


We  add  to  our  current  understanding  of  pre-phrenic  C-INs  by 
showing  both  excitatory  and  inhibitory  inputs  to  phrenic  mo¬ 
toneurons.  Whereas  excitatory  pre-phrenic  C-INs  fired  with  ei¬ 
ther  a  tonic  pattern,  or  burst  in  phase  with  inspiration,  inhibitory 
pre-phrenic  C-INs  had  an  expiratory  firing  pattern.  In  the  me¬ 
dulla,  pre-inspiratory/inspiratory  neurons  (i.e.,  those  that  start 
before  and  continue  firing  into  inspiration)  are  critical  for 
respiratory  rhythm  generation  (Smith  et  al.,  2013).  Whether 
inspiratory  pre-phrenic  C-INs  have  rhythmogenic  properties 
is  unknown,  but  there  is  evidence  suggesting  that  spinal  networks 
can  produce  oscillations  in  phrenic  output  (Viala  and  Freton, 
1983).  The  pre-phrenic  C-IN  data  presented  here  support  the 
hypothesis  that  the  cervical  propriospinal  network  is  capable  of 
modulating  the  output  of  the  phrenic  motor  nucleus  on  a  breath- 
by-breath  basis. 

Our  data  also  show  that  AIH  alters  the  effective  connections 
between  second-order  excitatory  C-INs  and  pre-phrenic  C-INs. 
Thus,  AIH  may  trigger  de  novo  recruitment  of  C-INs  into  pro¬ 
priospinal  network  which  is  coupled  to  the  phrenic  motor  nu¬ 
cleus.  Due  to  the  short  time  scale  in  which  this  occurs,  this  likely 
reflects  activation  of  existing,  but  previously  silent  synaptic  connec- 
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Figure  9.  Locations  of  recorded  neurons  stratified  by  firing  pattern.  A-D,  Summary  of  locations  of  recorded  C-INs  and  phrenic  motoneurons  (MN)  during  BL  (4),  hypoxia  1  [B),  posthypoxia  1  (0, 

and  15  min  post-AIH  (D). 


tions.  One  established  mechanism  underlying  this  phenomenon  is 
serotonin  release  (Li  and  Zhuo,  1998).  Several  prior  studies  show 
that  serotonin  can  rapidly  activate  polysynaptic  spinal  pathways  to 
phrenic  motoneurons  (Mitchell  et  al.,  1992;  Ling  et  al.,  1994).  Be¬ 
cause  serotonin  is  released  during  hypoxia  (Kinkead  et  al.,  2001),  we 
hypothesize  that  serotonin  maybe  involved  in  shaping  the  response 
of  the  cervical  propriospinal  network  to  AIH. 

AIH,  C-INs,  and  spinal  cord  plasticity 

AIH  induces  plasticity  in  sympathetic  (Dick  et  al.,  2007),  somatic 
(Lovett-Barr  et  al.,  2012;  Trumbower  et  al.,  2012),  and  respira¬ 
tory  motor  output  (Baker  et  al.,  2001).  To  date,  studies  of  AIH- 
induced  spinal  plasticity  have  primarily  used  recordings  of  nerve 
and/or  muscle  activity  as  outcome  measures,  but  provide  little  to 
no  insight  regarding  propriospinal  networks.  Data  from  Mitchell 
and  colleagues  suggest  that  AIH-induced  phrenic  motor  plastic¬ 


ity  requires  mechanisms  within  phrenic  motoneurons.  Specifi¬ 
cally,  delivery  of  relevant  siRNA  molecules  (e.g.,  TrkB  or  PKC0) 
to  the  intrapleural  space  and  subsequent  knockdown  of  TrkB  or 
PKC0  in  phrenic  motoneurons  attenuates  AIH-induced  plastic¬ 
ity  (Devinney  et  al.,  2015;  Dale  et  al.,  2017).  These  observations 
indicate  that  motoneuron  plasticity  is  a  fundamental  component 
of  the  response  to  AIH,  but  do  not  preclude  a  role  for  C-INs  in  the 
expression  of  phrenic  motor  plasticity.  Our  data  confirm  that  the 
cervical  propriospinal  network  is  responding  to  acute  hypoxia, 
and  show  persistent  changes  in  network  excitability  post-AIH. 
C-INs  may  therefore  be  a  fundamental  part  of  the  neural  sub¬ 
strate  driving  AIH-induced  motor  plasticity  in  respiratory  and 
other  systems.  There  is  precedent  that  chemoafferent  stimulation 
can  alter  network  connectivity  in  brainstem  structures.  Specifi¬ 
cally,  Morris  et  al.  (2000)  showed  that  carotid  chemoreceptor 
stimulation  (i.e.,  mimicking  hypoxia)  can  alter  synaptic  connec- 
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tions  in  medullary  neural  networks.  However,  our  data  are  the 
first  to  show  that  changes  in  excitatory  and  inhibitory  connectiv¬ 
ity  among  C-INs  are  evoked  by  AIH.  Determining  the  functional 
impact  of  these  changes  is  challenging  due  to  the  complexity  of 
propriospinal  networks  (Jankowska,  2001),  and  likely  will  re¬ 
quire  genetic  and/or  viral  approaches  to  selectively  inhibit  or 
activate  specific  populations  of  C-INs.  However,  based  on  the 
current  data  showing  rapid  and  sustained  changes  in  propriospi¬ 
nal  connectivity,  we  propose  that  that  C-INs  are  an  integral  part 
of  the  neuronal  substrate  orchestrating  the  respiratory,  somatic, 
and  autonomic  neuroplastic  responses  to  AIH. 

Significance 

It  is  well  established  that  propriospinal  neurons  play  a  critical  role 
in  shaping  motor  output  along  the  spinal  neuraxis  (Cherniak  et 
al.,  2017).  In  regards  to  the  cervical  spinal  cord  and  breathing, 
prior  work  establishes  that  some  C-INs  are  synaptically  coupled 
to  spinal  respiratory  motoneurons  (Lane,  2011),  and  that  C-INs 
can  show  respiratory- related  discharge  patterns.  However,  the 
functional  impact  of  the  cervical  propriospinal  network  on  phrenic 
(diaphragm)  motor  output  is  less  clear.  In  this  context,  the  cur¬ 
rent  data  establish  a  few  significant  points.  First,  AIH  can  cause 
persistent  changes  in  connectivity  within  the  overall  propriospi¬ 
nal  network.  AIH  is  firmly  established  to  be  a  powerful  trigger  of 
spinal  respiratory  neuroplasticity  (Fuller  and  Mitchell,  2017), 
and  these  results  indicate  that  C-INs  are  an  important  component  of 
the  neuroplastic  response  to  AIH.  This  may  be  particularly  impor¬ 
tant  in  the  context  of  using  AIH  as  a  “neurorehabilitation  modality” 
(Gonzalez-Rothi  et  al.,  2015),  because  AIH  exposure  can  promote 
functional  recovery  of  respiratory  as  well  as  nonrespiratory  motor 
output  following  spinal  cord  injury  in  animal  models  and  hu¬ 
mans  (Trumbower  et  al.,  2012;  Hayes  et  al.,  2014;  Tester  et  al., 
2014;  Gonzalez-Rothi  et  al.,  2015).  Indeed,  remodeling  of  pro¬ 
priospinal  networks  is  an  important  component  of  motor  recov¬ 
ery  after  incomplete  spinal  cord  injury  (Bareyre  et  al.,  2004)  and 
AIH  may  facilitate  this  process.  Second,  these  data  show  that 
C-INs  which  are  pre-phrenic  (i.e.,  synaptically  coupled  to 
phrenic  motoneurons)  have  excitatory  and  inhibitory  inputs  to 
phrenic  motoneurons,  and  that  excitatory  input  to  excitatory 
C-INs  increases  during  AIH.  Thus,  C-INs  may  have  a  more  im¬ 
portant  role  in  controlling  the  phrenic  motor  pool  and  the  dia¬ 
phragm  than  is  currently  appreciated.  Together,  our  data  indicate 
that  the  midcervical  spinal  cord  contains  a  network  that  responds 
dynamically  to  acute  hypoxia,  and  that  AIH  alters  the  overall 
connectivity  of  the  interneuronal  network. 
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A  complex  propriospinal  network  is  synaptically  coupled  to  phrenic  and  intercostal  motoneurons,  and  this  makes 
it  difficult  to  predict  how  gray  matter  intraspinal  microstimulation  (ISMS)  will  recruit  respiratory  motor  units. 
We  therefore  mapped  the  cervical  and  high  thoracic  gray  matter  at  locations  which^ISMS  activates  diaphragm 
(DIA)  and  external  intercostal  (EIC)  motor  units.  Respiratory  muscle  electromyography  (EMG)  was  recorded  in 
anesthetized  female  spinally  intact  adult  rats  while  a  stimulating  electrode  was  advanced  ventrally  into  the  spinal 
cord  in  600  pm  increments.  At  each  depth,  single  biphasic  stimuli  were  delivered  at  10-90  pA  during  both  the 
inspiratory  and  expiratory  phase  independently.  Twenty  electrode  tracks  were  made  from  C2-T1  at  medial  and 
lateral  gray  matter  locations.  During  inspiration,  ISMS  evoked  DIA  and  EIC  activity  throughout  C2-T1  gray  mat¬ 
ter  locations,  with  mutual  activation  occurring  at  17  ±  9%  of  sites.  During  inspiratory  phase  ISMS  the  average 
latency  for  DIA  activation  was  4.40  ±  0.70  ms.  During  the  expiratory  phase,  ISMS-induced  DIA  activation  re¬ 
quired  electrodes  to  be  in  close  proximity  to  the  phrenic  motoneuron  pool,  and  average  activation  latency  was 
3.30  ±  0.50  ms.  We  conclude  that  appropriately  targeted  ISMS  can  co-activate  DIA  and  EIC  motor  units,  and  en¬ 
dogenous  respiratory  drive  has  a  powerful  impact  on  ISMS-induced  respiratory  motor  unit  activation.  The  j^ng 
latency  diaphragm  motor  unit  activation  latency  suggests  the  presence  of  a  complex  propriospinal  network  that 
can  modulate  phrenic  motor  output. 


1.  Introduction 

Intraspinal  microstimulation  (ISMS)  of  gray  matter  is  a  technique 
in  which  microwires  are  placed  into  the  spinal  cord  and  microampere 
electrical  currents  are  used  to  activate  spinal  neurons.  ISMS  was  pio¬ 
neered  as  a  potential  treatment  following  spinal  cord  injury  (SCI)  or 
other  central  nervous  system  injury.  The  method  can  directly  produce 
forelimb  (Moritz  et  al.,  2007;  Nishimura  et  al.,  2013;  Sunshine  et  al., 
2013;  Zimmermann  and  Jackson,  2014)  or  hindlimb  movement  (Giszter 
et  al.,  1993;  Lemay  and  Grill,  2004;  Mushahwar  et  al.,  2000;  Tresch  and 
Bizzi,  1999)  and  can  also  trigger  neuroplasticity  associated  with  restora¬ 
tion  of  limb  function  (Kasten  et  al.,  2013;  McPherson  et  al.,  2015).  ISMS 
has  also  been  used  to  restore  autonomic  function  following  SCI  in  hu¬ 
mans  (Nashold  et  al.,  1981). 


A  particular  advantage  of  ISMS  is  that  selectively  placed  microwires 
can  activate  intraspinal  networks  (Jankowska  and  Roberts,  1972)  which 
produce  coordinated  or  “synergistic”  patterns  of  muscle  activation 
(Mushahwar  et  al.,  2002;  Sunshine  et  al.,  2013).  These  synergies  have 
also  been  termed  “motor  primitives”  that  enable  co-active  muscle 
groups  to  be  recruited  simultaneously  (Overduin  et  al.,  2014).  ISMS 
can  also  activate  entire  motor  pools  via  activation  of  sensory  afferent 
neurons  (Gaunt  et  al.,  2006)  and  has  the  distinct  advantage  of  evok¬ 
ing  natural  recruitment  order  (Mushahwar  and  Horch,  1998)  and  ac¬ 
tivating  fatigue  resistant  muscle  fibers  (Bamford  et  al.,  2005).  Collec¬ 
tively,  the  literature  establishes  that  ISMS  can  effectively  activate  fore¬ 
limbs  and  hindlimbs,  in  coordinated  patterns  of  muscle  activation.  To 
date,  however,  the  impact  of  ISMS  on  respiratory  muscle  activation 
has  not  been  systematically  evaluated  throughout  the  cervical  and  high 
thoracic  cord  regarding  co-activation.  Prior  work  establishes  that  in¬ 
traspinal  stimulation  in  the  mid-  to  high  cervical  spinal  cord  can  evoke 
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robust  phrenic  motoneuron  and/or  diaphragm  activation  (Fuller  et  al., 
2003;  Ling  et  al.,  1995;  Mercier  et  al.,  2017),  but  to  our  knowledge,  the 
ability  of  intraspinal  stimulation  to  activate  multiple  respiratory  motor 
pools  using  low  (microampere)  currents  has  not  been  rigorously  evalu¬ 
ated  across  the  cervical  and  high  thoracic  spinal  cord. 

Application  of  ISMS  for  respiratory  motoneuron  activation  must  con¬ 
sider  several  unique  features  of  the  spinal  respiratory  networks.  Fore¬ 
most,  the  spinal  cord  contains  a  dense  population  of  propriospinal  neu¬ 
rons,  many  of  which  are  synaptically  coupled  to  respiratory  circuits  in¬ 
cluding  phrenic  and  intercostal  motoneurons  (Billig  et  al.,  2000;  Cregg 
et  al.,  2017;  Lane  et  al.,  2008;  Lipski  and  Duffin,  1986;  Marchenko  et 
al.,  2015).  In  the  thoracic  spinal  cord,  neurophysiological  studies  es¬ 
tablish  that  interneurons  can  relay  medullary  inspiratory  drive  to  in¬ 
tercostal  motoneurons  (de  Almeida  and  Kirkwood,  2013;  Merrill  and 
Lipski,  1987).  Mid-cervical  interneurons  are  also  synaptically  coupled  to 
phrenic  motoneurons  (Lane  et  al.,  2008;  Lois  et  al.,  2009),  and  can  mod¬ 
ulate  phrenic  motor  output  (Cregg  et  al.,  2017;  Marchenko  et  al.,  2015; 
Sandhu  et  al.,  2015).  In  regards  to  ISMS,  the  salient  point  is  that  activa¬ 
tion  of  propriospinal  neurons  may  be  an  effective  way  to  recruit  respira¬ 
tory  motoneurons  (Cregg  et  al.,  2017;  DiMarco  and  Kowalski,  2013)  Ac¬ 
tivation  of  propriospinal  neurons  may  be  more  effective  at  co-activating 
multiple  spinal  respiratory  motor  pools  vs.  direct  motoneuron  stimula¬ 
tion.  Another  fundamental  consideration  is  that  spinal  respiratory  mo¬ 
toneurons  receive  a  volley  of  excitatory  synaptic  inputs  during  the  in¬ 
spiratory  phase,  and  are  actively  inhibited  during  the  expiratory  phase 
(Berger,  1979;  Merrill  and  Fedorko,  1984;  Sears,  1964).  Thus,  the  ability 
of  ISMS  to  activate  respiratory  motoneurons,  either  directly  or  through 
interneuronjietworks,  is  likely  to  vary  with  the  phase  of  the  endogenous 
respiratory  cycle. 

Our  primary  purpose  was  to  systematically  map  the  cervical  (C2-C7) 
and  high  thoracic  (Tl)  gray  matter  locations  at  which  ISMS  could  ac¬ 
tivate  spinal  respiratory  motoneurons.  In  doing  so  we  tested  three  hy¬ 
potheses.  Our  first  two  hypotheses  derived  from  observations  that  in¬ 
spiratory  phrenic  motoneuron  activation  appears  to  occur  primarily  via 
monosynaptic  inputs  (Lee  and  Fuller,  2011),  whereas  inspiratory  inter¬ 

Experimental  set-up 

A 


costal  motoneuron  activation  may  involve  a  propriospinal  relay 
(Kirkwood  et  al.,  1988;  Saywell  et  al.,  2011)  We  therefore  hypothesized 
that  ISMS  would  most  readily  activate  diaphragm  motor  units  at  short 
latencies  consistent  with  monosynaptic  inputs  to  phrenic  motoneurons, 
and  that  activation  of  external  intercostal  motor  units  would  be  most 
prominent  at  longer  latencies.  Our  third  hypothesis  was  based  on  the 
work  of  Berger  and  others  (Berger,  1979;  Hayashi  and  Fukuda,  1995) 
demonstrating  active  inhibition  of  phrenic  motoneurons  during  the  ex¬ 
piratory  period.  We  therefore  hypothesized  that  the  impact  of  ISMS 
on  respiratory  muscle  activation  would  vary  across  the  respiratory  cy¬ 
cle.  In  cases  of  complete  spinal  transection  injuries,  concerns  regarding 
phase-dependence  of  ISMS  would  be  moot;  however,  most  spinal  in¬ 
juries  are  functionally  incomplete  and  even  ventilator  dependent  indi¬ 
viduals  with  spinal  cord  injury  can  have  residual  synaptic  input  to  res¬ 
piratory  motoneurons  (McDonald  et  al.,  2002).  Thus,  we  directly  com¬ 
pared  the  impact  of  ISMS  during  the  inspiratory  vs.  expiratory  phase  on 
respiratory  motor  unit  activation. 

The  work  focused  on  two  primary  inspiratory  muscles,  the  di¬ 
aphragm  (DIA)  and  external  intercostal  (EIC),  with  a  major  emphasis 
on  locating  ISMS  locations  that  could  activate  both  muscles.  We  also 
recorded  from  an  accessory  respiratory  muscle  that  typically  does  not 
exhibit  rhythmic  respiratory  activity,  the  sternocleidomastoid  (SCM). 
The  sternocleidomastoid  was  included  to  determine  if  ISMS  sites  that 
activated  primary  respiratory  muscles  could  also  activate  accessory  res¬ 
piratory  muscles. 

2.  Methods 

2.1.  Overview 

ISMS  was  delivered  between  the  second  cervical  (C2)  and  the  first 
thoracic  (Tl)  segment  (Fig.  1A,  B)  and  evoked  respiratory  muscle  activ¬ 
ity  was  recorded  in  six  adult  female  Long-Evans  rats  (267  ±  21  g).  So- 
matotopic  maps  of  ISMS-evoked  responses  were  obtained  during  the  in- 
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Fig.  1.  Experimental  set-up.  A)  Rodent  respiratory  anatomy  including  schematic  of  spinal  innervation  to  key  respiratory  muscles.  EMG  recording  electrodes  were  placed  in  the  Diaphragm 
(DIA),  External  Intercostal  (EIC)  and  Sternocleidomastoid  (SCM)  muscles.  B)  Dorsal  view  of  the  exposed  spinal  cord.  Gray  circles  indicate  the  position  where  each  of  the  20  stimulation 
tracks  began  on  the  dorsal  surface  of  the  spinal  cord  in  an  example  animal.  C)  Coronal  view  illustrating  electrode  tracks  (dashed  lines)  and  stimulus  locations  (red  circles).  Stimulus 
paradigm.  D)  Diaphragm  EMG  prior  to  the  start  of  stimulation.  E)  Diaphragm  EMG  is  rectified  and  integrated  with  a  sliding-average  window.  For  each  stimulation  site,  there  was  a  50% 
probability  of  first  triggering  stimulation  during  either  inspiration  or  expiration.  F)  Ten  stimuli  delivered  at  10-90  pA  in  steps  of  20  pA.  After  all  stimulus  intensities  are  delivered  during 
one  phase  of  respiration,  stimulation  is  then  delivered  during  the  opposite  respiratory  phase  at  each  intraspinal  location.  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 
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spiratory  phase  and  the  expiratory  phase  of  the  respiration  cycle.  Ten 
stimuli  were  delivered  during  both  the  inspiratory  and  expiratory  phase 
at  each  of  five  amplitudes  ranging  from  10  to  90  pA  in  steps  of  20  pA 
(Fig.  1D-F).  Prior  to  the  ISMS  procedure,  respiratory  muscles  were  in¬ 
jected  with  fluorescently  conjugated  wheat  germ  agglutinin  (WGA)  to 
determine  the  relationship  between  the  anatomical  location  of  the  mo¬ 
toneurons  and  the  locations  with  which  they  can  be  activated  with 
ISMS.  Animals  were  housed  in  a  photo-shifted  room  (12  h  dark,  12  h 
light;  lights  off  at  10  am  and  on  at  10  pm)  and  surgeries  began  at 
8:23  am  ±  1.81  h  (mean  ±  SD).  All  procedures  were  approved  by  the 
University  of  Washington  Institutional  Animal  Care  and  Use  Committee. 

2.2.  Surgical  procedure-wheat  germ  agglutinin  injection 

Three  days  prior  to  the  ISMS  mapping  procedure,  rats  were  anes¬ 
thetized  with  either  an  intraperitoneal  injection  of  ketamine 
(80  mg  kg-  1;  Pfizer)  and  xylazine  (10  mg  kg~  1;  Lloyd)  or  2%  isoflu- 
rane.  Small  incisions  were  made  in  the  skin  over  the  sternocleidomas¬ 
toid  and  rostral  intercostal^  Additionally,  the  pectoralis  muscle  was  in¬ 
cised  to  allow  for  a  more  accurate  injection  of  2.5%  WGA  (25-50  pi; 
reconstituted  in  0.9%  saline).  WGA  was  conjugated  to  Alexa-Fluor  555 
or  594  and  injected  into  the  sternocleidomastoid  and  external  inter¬ 
costal  respectively.  An  injection  of  2.5%  WGA  conjugated  to  Alexa-Fluor 
488  (ThermoFisher  Scientific  W11261)  was  administered  intrapleurally 
to  label  the  motoneurons  of  the  diaphragm  (Buttry  and  Goshgarian, 
2015).  Muscles  and  skin  were  sutured  in  layers  and  buprenorphine 
(0.05  mg  kg-  2)  was  administered  to  suppress  sensation  during  anesthe¬ 
sia  and  recovery. 

2.3.  Surgical  procedure-mapping 

Three  days  after  WGA  injection,  rats  were  anesthetized  with  in¬ 
traperitoneal  injections  of  ketamine  (80  mg  kg-  1;  Pfizer)  and  xylazine 


(10  mg  kg-  1;  Lloyd).  Supplemental  doses  of  ketamine  were  given  as 
needed  to  maintain  a  stable  plane  of  sedation  throughout  the  procedure. 
Hydration  was  maintained  with  0.9%  saline  solution  delivered  subcu¬ 
taneously  (Baxter).  All  surgical  procedures  were  performed  on  a  water 
recirculating  heating  pad  to  maintain  body  temperature. 

An  incision  was  made  on  the  dorsal  surface  through  the  skin,  and 
muscles  overlying  cervical  segments  C1-C7  and  the  thoracic  segments 
T1-T2  were  dissected  away  from  the  vertebral  columns  and  lamina. 
A  right  hemi-laminectomy  was  performed  from  C2-T1  which  exposed 
13.7  ±  1.2  mm  (mean  ±  SD)  of  the  spinal  cord.  The  dura  was  incised  to 
permit  electrode  insertion  without  dimpling  of  the  dorsal  spinal  cord 
surface  (Fig.  IB).  Separate  incisions  were  made  in  the  skin  in  order  to 
place  bipolar  electromyography  (EMG)  electrodes  in  the  sternocleido¬ 
mastoid  (SCM)  and  external  intercostal  (EIC).  An  additional  incision  was 
made  through  the  skin  and  rectus  abdominus  to  access  the  costal  region 
of  the  diaphragm  (DIA).  EMG  wires  consisted  of  50  pm  tungsten  wires 
(A-M  systems;  797,500).  Electrode  placement  was  verified  by  observ¬ 
ing  regular  synchronized  bursting  of  the  inspiratory  muscles  diaphragm 
and  external  intercostal  during  breathing  with  no  phasic  activity  of  the 
sternocleidomastoid  (Fig.  2A).  A  final  incision  was  made  on  the  ven¬ 
tral  surface  in  the  skin  to  access  the  trachea.  A  tracheotomy  was  then 
performed  which  allowed  for  ventilation  with  oxygen  (100%)  during 
the  mapping  procedure  which  consisted  of  ISMS  delivered  in  20  tracks 
throughout  the  cervical  and  high  thoracic  spinal  cord. 

2.4.  Intraspinal  microstimulation  mapping 

Stimuli  were  delivered  using  a  single  epoxy  coated  tungsten  mi¬ 
croelectrode  (part  number:  UEWSFESEBN3F;  impedance  300-500  k£2; 
Fred  Haer)  positioned  by  a  stereotaxic  manipulator  (Kopf  Instruments) 
mounted  on  a  custom  spinal  fixation  frame.  Constant  current  stimuli 
consisted  of  a  single  symmetric  biphasic  square-wave  pulse  with  a  du¬ 
ration  of  300  [is  per  phase.  Current  returned  through  a  distant  bare 
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Fig.  2.  Example  EMG  traces  and  stimulus  triggered  averages.  A)  Electromyography  recordings  from  the  sternocleidomastoid  (SCM),  external  intercostal  (EIC),  and  diaphragm  (DIA)  mus¬ 
cles  showing  stimulation  during  inspiration  (open  arrowhead)  and  expiration  (closed  arrowhead).  B)  Expanded  stimulus  triggered  average  of  evoked  responses  in  the  diaphragm  when 
stimulation  was  delivered  during  inspiration  illustrating  that  the  evoked  response  was  easily  discernible  from  the  background  activity.  Dashed  line  indicated  threshold.  C)  Stimulus  trig¬ 
gered  averages  (StTAs)  reveal  the  dynamic  excitation  during  inspiration  (light  colors)  compared  to  expiration  (dark  colors)  for  the  DIA  and  EIC.  Arrow  indicates  the  delivery  of  the  single 
pulse  ISMS  stimulus. 
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wire  electrode  placed  under  the  skin  above  the  hindquarters.  Stimula¬ 
tion  was  delivered  with  an  analog  stimulus  isolator  (model  2200;  A-M 
systems)  controlled  by  1401  Power3  (Cambridge  Electronic  Design)  us¬ 
ing  custom  Spike2  software.  Stimulus  amplitudes  ranged  from  10  to 
90  \iA  in  increments  of  20  pA.  A  total  of  ten  stimulation  pulses  at  each 
of  the  five  amplitudes  were  produced  during  inspiration  and  expiration, 
with  the  order  of  delivery  randomized  (Fig.  1D-F).  To  reduce  bias  asso¬ 
ciated  with  the  duration  of  the  procedure,  the  starting  positions  of  ISMS 
tracks  were  randomized  in  the  anterior  -posterior  and  medial-lateral  di¬ 
rections  between  each  animal. 

The  exposed  C1-T2  spinal  cord  was  measured  and  divided  into  an 
evenly  spaced  10  x  2  grid.  This  resulted  in  ten  uniformly  spaced  stim¬ 
ulation  sites  along  the  rostrocaudal  axis  from  C1-T2.  At  each  of  these 
sites,  2  locations  were  stimulated,  designated  as  medial  (0.5  mm  from 
spinal  midline)  and  lateral  (1.0  mm  from  midline).  Electrodes  were  ad¬ 
vanced  ventrally  from  the  surface  of  the  spinal  cord  in  increments  of 
600  pm  to  a  total  depth  of  2400  pm  and  1800  pm  for  the  medial  and 
lateral  tracks,  respectively  (Fig.  1C).  The  order  of  each  stimulation 
track  was  randomized  prior  to  the  mapping  procedure  for  each  animal. 
This  approach  enabled  an  unbiased  and  reproducible  “mapping”  of  re¬ 
sponses  to  electrical  stimulation  along  the  extent  of  the  cervical  and 
high  thoracic  spinal  cord.  Based  on  published  descriptions  of  the  “tran¬ 
sition  points”  between  spinal  cord  segments  in  the  rat  (Padmanabhan 
and  Singh,  1979)  we  estimate  that  the  10  stimulation  sites  (i.e.,  in  the 
10  x  2  grid)  were:  mC2,  rC3,  rC4,  cC4,  cC5,  cC6,  cC7,  mC8,  mTl,  mT2 
(m  =  middle,  r  =  rostral,  c  =  caudal).  Throughout  the  text,  when  seg¬ 
ments  are  mentioned  (e.g.  C2)  this  refers  the  vertebral  bones,  not  the 
spinal  segments,  as  those  were  not  directly  assessed  in  this  procedure. 

2.5.  EMG  recording 


ISMS-evoked  electrc^^raphy  (EM^^va^rccorde^isin^^differ- 


as  1  700).  D  ata  w  ere  d  igitized  u  sing  a  16 


ential  amplifier  ( A-M  s 
channel  data  acquisition  unit  (1401-Power3)  and  custom  Spike2  acqui¬ 
sition  software.  Integrated  diaphragm  EMG  activity  was  used  to  trigger 
stimulation  during  either  expiration  or  inspiration,  and  an  example  of 
this  is  shown  in  Fig.  1.  EMG  data  were  recorded  at  20,000  samples  per 
second  and  analog  band-pass  filtered  b  etween  3  00  an  )00  H  z  and 

saved  to  disk  for  offline  fi  ltering  an  d  an  alysis  (s  ee  Da^_n  alysis  sec¬ 
tion). 


2.6.  Tissue  slicing  and  image  processing 

At  the  conclusion  of  the  mapping  procedure,  animals  were  eutha¬ 
nized  with  an  intraperitoneal  injection  of  beuthanasia  (200  mg  kg-  2) 
and  transcardially  perfused  with  saline  followed  by  10%  formalin.  A 
fiducial  mark  was  made  at  the  center  of  the  C  2  vertebral  bone  to  stan¬ 
dardize  the  comparison  between  electrophysiol  al  data  and  histol¬ 
ogy.  Tissue  was  post-fixed  o  vernight  i  n  1  0%  f  lin  t  hen  p  laced  in 
30%  sucrose  for  cryoprotection.  Spinal  cord  tissue  from  all  animals  was 
sliced  (60  pm)  in  the  coronal  plane,  using  a  cryostat  (Leica  CM1850). 

Coronal  sections  were  photographed  using  an  inverted  widefield  mi¬ 
croscope  (LEICA  DM  IRB/E)  with  a  10  x  primary  objective.  Images  were 
processed  using  custom  MATLAB  software  where  slice  and  gray-white 
borders  were  traced  and  motoneurons  were  manually  identified.  There 
was  an  average  of  753  ±  172  pm  between  analyzed  sections. 
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filtered  at  5  kHz  to  remove  ex- 


2.7.  Data  analysis 

Evoked  muscle  activity  was  low 
traneous  frequencies  and  anti-alias  the  data  which  was  then  compiled 
into  stimulus  triggered  averages  (StTAs,  Fig.  2B-C)  using  custom  MAT- 
LAB  software  (The  MathWorks).  Sweeps  with  significant  EMG  response 
were  identified  and  the  amplitude  of  and  time  to  response  were  quanti¬ 


fied  (Sunshine  et  al.,  2013).  A  significant  EMG  response  in  the  StTA  was 
defined  as  an  event  starting  after  the  resolution  of  the  stimulus  arti¬ 
fact  that  crossed  a  threshold  greater  than  ±  50  pV  for  longer  than  1  ms 
(Sunshine  et  al.,  2013). 

2.8.  Data  pooling 

We  stimulated  at  5  medial  depths  and  4  lateral  depths  at  each  of  the 
10  coordinates  along  the  C2-T1  rostro-caudal  axis.  Within  each  individ¬ 
ual  animal  the  percentage  of  sites  (out  of  the  90)  that  elicited  an  evoked 
potential  for  each  muscle  was  determined  and  an  average  across  all  an¬ 
imals  was  created  by  standardizing  the  location  on  the  10  x  2  spinal 
cord  grid  (Fig.  3).  The  relative  likelihood  of  activating  a  given  muscle 
or  pair  of  muscles  was  determined  by  calculating  the  percentage  of  the 
nine  possible  stimulus  sites  at  each  segmental  location  that  produced  the 
particular  activation  pattern  (Fig.  4).  This  was  calculated  within  each 
animal  and  then  averaged  between  animals  to  form  the  contours  in  Fig. 
4.  These  contours  do  not  represent  the  lowest  possible  stimulus  current 
to  activate  any  muscle  but  rather  the  lowest  stimulus  current  to  produce 
the  muscle  represented  in  the  contour. 

The  amplitude  of  the  evoked  response  was  calculated  at  the  low¬ 
est  stimulus  current  to  produce  an  evoked  response.  This  was  done  for 
all  sites  within  an  animal  where  an  evoked  response  could  be  elicited. 
Evoked  response  amplitude  was  then  averaged  within  and  between  an¬ 
imals  (Fig.  5).  The  onset  of  ISMS  induced  muscle  activation  was  mea¬ 
sured  as  the  duration  from  stimulus  to  response,  and  was  determined  at 
each  of  the  stimulus  locations.  This  was  assessed  for  each  muscle  and 
then  averaged  across  animals  (Fig.  6). 

2.9.  Statistics 

All  statistical  analyses  were  performed  in  MATLAB  or  in  GraphPad 
Prism  7.  A  Lilliefors  test  was  used  to  determine  if  the  data  sets  were 
normally  distributed.  For  data  that  were  not  normally  distributed,  a 
Wilcoxon  rank-sum  test  was  used  to  determine  significance.  Normally 
distributed  data  were  tested  using  a  Student's  t- test.  When  data  were 
collected  using  the  same  amplitude  stimulation  a  paired  Student's  t-test 
was  used  (Sunshine  et  al.,  2013).  Synaptic  delays  were  analyzed  using 
an  ordinary  two-way  analysis  of  variance  (ANOVA);  Individual  compar¬ 
isons  were  performed  with  Fisher's  Least  Significant  Difference  (LSD) 
post  hoc  test.  Activation  onsets  for  each  muscle  group  were  analyzed  us¬ 
ing  an  ordinary  one-way  analysis  of  variance  (ANOVA),  and  individual 
comparisons  were  performed  with  Fisher's  Least  Significant  Difference 
(LSD)  post  hoc  test.  All  values  stated  in  text  are  mean  ±  standard  devia¬ 
tion  (SD)  unless  otherwise  noted. 

3.  Results 

3.1.  Impact  of  electrode  location  and  respiratory  phase  on  ISMS-induced 
respiratory  muscle  activation 

A  representative  map  of  ISMS  locations  from  a  single  animal  is  pre¬ 
sented  in  Fig.  3 A.  Note  that  the  anatomical  locations  at  which  ISMS 
activated  a  particular  muscle  tended  to  cluster  together  across  multi¬ 
ple  segments.  Independent  muscle  activation  (i.e.,  without  any  co-ac- 
tivation)  occurred  at  a  relatively  low  number  of  locations,  and  was 
more  likely  to  occur  during  expiratory  vs.  inspiratory  phase  ISMS  (Fig. 
3B).  Overall,  significantly  more  sites  elicited  independent  muscle  acti¬ 
vation  during  expiratory  (25  ±  8%)  compared  to  inspiration-triggered 
ISMS  (18  ±  4%;  p  =  0.03).  In  contrast,  activating  two  muscles  via  a  sin¬ 
gle  ISMS  pulse  (i.e.,  co-activation)  was  more  likely  to  occur  during  the 
inspiratory  phase  (51  ±  12%  of  sites)  as  compared  to  the  expiratory 
phase  (25  ±  11%;  p  <  0.001).  The  mean  co-activation  data  are  shown 
in  Fig.  3C.  Note  that  significantly  greater  co-activation  of  all  muscle 
pairs  occurred  during  inspiratory  vs.  expiratory  stimulation.  We  also 
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Fig.  3.  ISMS-evoked  respiratory  muscle  activation  &  co-activation.  A)  Stimulus  locations  activating  respiratory  muscles  during  inspiration  (left)  and  expiration  (right)  at  the  lowest  stim¬ 
ulus  current  to  elicit  EMG  activity  in  a  representative  animal,  the  center  of  the  vertebral  bones  is  noted  along  the  x-axis.  Colors  denote  individual  muscles  or  combinations  of  muscles. 
Abbreviations  as  in  Fig.  2B-D)  EMG  response  observed  as  a  percentage  of  the  total  sites  tested  at  the  lowest  current  to  elicit  EMG  activity  in  any  muscle  (mean  +  SEM).  Each  figure  dis¬ 
plays  the  type  of  muscle  activity  or  co-activity  during  inspiration  (T;  light  shading)  and  expiration  (‘E’;  dark  shading).  $  denotes  p  <  0.1,  *  denotes  p  <  0.05.  Diaphragm  (DIA),  External 
Intercostal  (EIC)  and  Sternocleidomastoid  (SCM). 
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Fig.  4.  Rostrocaudal  distribution  of  muscle  activations.  A)  Average  distribution  from  all  animals  showing  the  likelihood  of  single  muscle  activation  via  ISMS.  B)  Average  distribution  from 
all  animals  showing  the  likelihood  of  co-active  muscle  activation  via  ISMS,  the  average  location  of  each  vertebral  bone  is  noted  on  the  x-axis.  Light  contours  represent  the  activation  like¬ 
lihood  during  inspiration  whereas  dark  contours  depict  activation  during  expiration.  Note:  each  contour  represents  the  lowest  stimulus  intensity  which  activated  the  muscle.  Diaphragm 
(DIA),  External  Intercostal  (EIC)  and  Sternocleidomastoid  (SCM). 
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Fig.  5.  Amplitude  of  muscle  activation  at  inspiratory  stimulus  threshold.  A)  Individual  activations  between  inspiration  (‘I’)  and  expiration  (‘E’)  are  connected  by  lines.  Individual  animals 
are  indicated  by  different  symbols.  B)  Average  muscle  activation  for  inspiration  and  expiration  (mean  +  SEM)  are  significantly  different  for  the  principal  respiratory  muscles  (DIA  and 
EIC)  but  not  for  the  accessory  muscle  (SCM),  *  denotes  p  <  0.05.  Diaphragm  (DIA),  External  Intercostal  (EIC)  and  Sternocleidomastoid  (SCM). 


observed  a  considerable  number  of  ISMS  locations  at  which  no  mus¬ 
cle  activation  could  be  evoked,  and  as  shown  in  Fig.  3D  this  was 
more  prominent  during  expiration  when  approximately  50%  of  loca¬ 
tions  failed  to  evoke  muscle  activity.  The  average  stimulation  threshold 
to  evoke  a  response  ranged  from  46  to  55  pA  and  this  value  was  not 
different  between  muscles,  nor  was  it  altered  by  the  respiratory  phase 
(two-way  ANOVA  interaction  p  =  0.4492). 

Maps  showing  the  rostrocaudal  distribution  of  ISMS  locations  that 
produced  muscle  activation  across  all  animals  are  shown  in  Fig.  4.  Dur¬ 
ing  inspiration-triggered  ISMS,  selective  activation  of  diaphragm  motor 
units  occurred  at  locations  throughout  the  cervical  and  high  thoracic 
spinal  cord,  but  was  more  likely  to  occur  in  the  mid-cervical  region 
(light  shading  in  Fig.  4A,  top  panel).  During  expiration- triggered  stim¬ 
ulation,  selective  diaphragm  activation  was  rare  unless  the  electrodes 
were  placed  in  the  immediate  vicinity  of  the  phrenic  motoneuron  pools 
(i.e.  C3-4  vertebral  segments,  dark  shading  in  Fig.  4A,  top  panel).  In 
comparison  to  the  diaphragm  response,  the  ability  to  selectively  activate 
the  external  intercostal  and  sternocleidomastoid  muscles  was  less  sensi¬ 
tive  to  the  respiratory  phase  (Fig.  4 A,  middle  and  bottom  panels;  note 
the  overlap  between  light  and  dark  shading).  However,  as  with  the  di¬ 
aphragm,  the  probability  of  selectively  activating  each  of  these  muscles 
increased  with  proximity  to  the  respective  motoneuron  pool. 


The  rostrocaudal  distribution  of  ISMS  locations  at  which  a  sin¬ 
gle  pulse  produced  respiratory  muscle  co-activation  are  shown  in  Fig. 
4B.  Co-activation  of  diaphragm  and  external  intercostals  was  evoked  at 
locations  from  C2-T1,  with  a  tendency  to  occur  more  often  at  C3-C4 
(Fig.  4B,  top  panel).  There  was  a  strong  impact  of  the  respiratory  cy¬ 
cle  on  co-activation  of  these  two  muscles  (Fig.  4B,  compare  light  and 
dark  shading).  The  external  intercostal  and  sternocleidomastoid  were 
co-activated  at  ISMS  locations  from  C2-T1,  and  there  was  relatively  lit¬ 
tle  impact  of  the  respiratory  cycle  on  this  response  (Fig.  4B,  middle 
panel).  Co-activating  the  sternocleidomastoid  and  diaphragm  was  more 
likely  to  occur  during  inspiratory  phase  ISMS,  and  at  locations  rostral  to 
C5  (Fig.  4B,  lower  panel). 

We  also  examined  the  impact  of  respiratory  phase  on  the  amplitude 
of  ISMS-evoked  EMG  compound  action  potentials  (Fig.  5).  These  com¬ 
parisons  of  peak-to-peak  EMG  amplitude  (see  Fig.  2B-C  for  example 
waveforms)  were  made  using  the  minimum  ISMS  current  that  was  nec¬ 
essary  to  activate  each  muscle.  Inspiratory-  and  expiratory  phase  com¬ 
parisons  were  made  at  each  of  the  electrode  positions  (Fig.  5A).  A  lo¬ 
cation  was  excluded  from  further  analysis  if  a  response  could  not  be 
evoked  at  relatively  low  currents  (<  90  pA;  which  was  the  maximum 
current  used  in  this  study,  to  reduce  the  spread  of  current  away  from 
the  location  of  the  tip  of  the  electrode)  during  inspiration-triggered 
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closed  symbols  expiration.  Colored  bar  in  each  panel  indicates  the  location  where  effer¬ 
ent  nerve  exits  the  spinal  cord  as  an  approximate  marker  of  motor  neuron  pools  or  direct 
activation  of  ventral  roots.  (*  denotes  p  <  0.009).  Diaphragm  (DIA),  External  Intercostal 
(EIC)  and  Sternocleidomastoid  (SCM). 
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Fig.  6.  Onset  of  ISMS-induced  respiratory  muscle  activation.  The  shortest  time  to  muscle 
activation  at  each  rostrocaudal  position  along  the  spinal  cord  (mean  ±  SEM),  the  average 
location  of  each  vertebral  bone  is  noted  on  the  x-axis.  Open  symbols  mark  inspiration, 


stimulation.  With  these  guidelines,  inspiratory  phase  ISMS  activated 
the  external  intercostal  at  51  ±  11%  of  stimulus  locations,  and  the  di¬ 
aphragm  responded  at  41  ±  24%  of  sites.  As  shown  in  Fig.  5B,  both 
ef  these  muscles  had  a  substantial  decrease  in  evoked  potential  am¬ 
plitude  when  ISMS  was  delivered  during  the  expiratory  phase.  Specif¬ 
ically,  during  expiration  the  diaphragm  evoked  response  decreased  by 
76  ±  18%  (p  =  0.002),  and  the  external  intercostal  response  decreased 
by  68  ±  24%  (p  =  0.01,  Fig.  5B).  The  sternocleidomastoid  could  be  ac¬ 
tivated  at  37  ±  8%  of  the  sites  tested  during  the  inspiratory  phase,  but 
there  was  no  apparent  impact  of  the  respiratory  cycle  on  this  response 
(Fig.  5B). 

3.2.  Activation  latency 

Fig.  6  shows  the  shortest  latency  between  delivery  of  the  ISMS  pulse 
and  the  subsequent  evoked  respiratory  muscle  EMG  response;  these  la¬ 
tencies  were  then  averaged  between  animals.  The  shortest  latencies  ob¬ 
served  along  these  curves  were  consistent  with  direct  motoneuron  ac¬ 
tivation  (Gustafsson  and  Jankowska,  1976),  and  occurred  at  locations 
close  to  the  spinal  ventral  roots  innervating  the  respective  muscles. 
There  was  no  impact  of  the  respiratory  cycle  on  onset  latency  for  any  of 
the  three  muscles  tested  (compare  open  vs.  filled  symbols  in  Fig.  6).  Di¬ 
aphragm  onset  latency  tended  to  be  shorter  when  the  electrode  was  in 
the  mid-cervical  cord,  but  no  statistically  significant  differences  in  laten¬ 
cies  were  detected  across  the  cervical  and  high  thoracic  spinal  cord  (Fig. 

6,  top  panel).  The  external  intercostal  onset  latency  was  greater  when 
stimulation  was  applied  at  the  three  most  rostral  locations  in  the  cervi¬ 
cal  spinal  cord  (Fig.  6,  middle  panel,  p  <  0.009).  Sternocleidomastoid 
onset  latency  tended  to  be  lower  when  ISMS  was  applied  rostral  to  C6, 
but  this  was  not  statistically  significant  (Fig.  6,  lower  panel). 

3.3.  Histological  verification  of  motoneuron  distribution  relative  to 
microwire  placement 

The  spinal  cord  location  of  each  motoneuron  pool  was  histologi¬ 
cally  confirmed  using  retrograde  neuronal  labeling  as  shown  in  Fig. 

7.  These  experiments  were  completed  to  validate  the  conclusions  re¬ 
garding  placement  of  the  ISMS  electrodes  in  relation  to  each  of  the 
three  respective  pools  (e.g.,  Figs.  4,  6,  8).  Sternocleidomastoid  and  ex¬ 
ternal  intercostal  motoneurons  were  labeled  by  intramuscular  WGA  in¬ 
jection.  For  phrenic  motoneuron  labeling,  WGA  was  delivered  to  the  in- 
trapluraj^space  to  target  the  diaphragm  (Buttry  and  Goshgarian,  2015; 
Mantilla  et  al.,  2009). 

Based  on  morphological  appearance  and  location  of  the  labeled 
neurons,  we  conclude  that  spinal  cord  WGA  labeling  was  restricted 
to  motoneurons  and  did  not  occur  in  segmental  interneurons  (Fig. 
7A-D).  That  observation  is  consistent  with  a  prior  study  of  spinal  cord 
intact  rats  using  WGA  tracing  (Buttry  and  Goshgarian,  2015).  Retro¬ 
grade  transsynaptic  transport  of  WGA  did  occur,  however,  with  brain¬ 
stem  labeling  observed  in  2  of  6  rats  following  external  intercostal  trac¬ 
ing,  3  of  6  rats  following  sternocleidomastoid  tracing,  and  3  of  6  rats 
following  diaphragm  tracing  (Table  1).  Consistent  with  a  prior  report, 
brainstem  WGA  labeling  was  noted  in  the  nucleus  ambiguous  following 
diaphragm  application  (Buttry  and  Goshgarian,  2015). 

WGA  labeling  of  sternocleidomastoid  motoneurons  was  observed 
across  the  length  of  the  ventro-lateral  cervical  spinal  cord  with  peak  la¬ 
beling  4-6  mm  rostral  to  the  center  of  C2  (Fig.  7E).  Intrapleural  injec¬ 
tions  resulted  in  clear  phrenic  motoneuron  labeling  in  the  mid-cervi¬ 
cal  cord,  but  the  distribution  of  labeled  cells  extended  slightly  into  the 
high  thoracic  spinal  cord  (fewer  than  2  cells  per  segment)  as  previously 
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Fig.  7.  Coronal  images  of  WGA  labeled  motor  neurons.  Coronal  sections  from  spinal  segments  T5  (A)  and  C5  (B)  depict  EIC  and  DIA  motor  neurons.  Sections  from  spinal  segments  C4 
(C)  and  C2  (D)  illustrating  the  location  of  DIA  and  SCM  motor  neurons.  Locations  are  as  expected  based  on  established  anatomy.  WGA  labeling  was  pseudo-colored  to  match  previous 
figures  rather  than  intrinsic  fluorophore.  Summary  of  WGA-labelled  motor  neuron  locations.  E)  Motor  neuron  labeling  of  SCM  (red),  DIA  (blue),  and  EIC  (green)  displayed  in  a  top  down 
longitudinal  view  from  an  example  animal,  ‘cc’  indicates  location  of  central  canal,  the  location  of  each  vertebral  bone  is  noted  on  the  x-axis  spanning  the  region  that  was  investigated  with 
intrapsinal  microstimulation.  F)  2D  contour  of  the  average  WGA  labeling  across  all  animals  (N  =  6).  Neuron  counts  were  averaged  across  2  mm  of  tissue,  the  average  location  of  each 
vertebral  bone  is  noted  on  the  x-axis.  G)  Coronal  view  from  the  same  animal.  Outlines  indicate  gray  matter  and  spinal  border  for  each  segment  superimposed  Diaphragm  (DIA),  External 
Intercostal  (EIC)  and  Sternocleidomastoid  (SCM).  (For  interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this  article.) 


reported  (Buttry  and  Goshgarian,  2015).  However,  as  shown  in  Fig.  7 E 
the  vast  majority  of  WGA  labeled  cells  were  located  between  C4  and 
C5  confirming  the  location  of  the  phrenic  motor  nucleus  (Buttry  and 
Goshgarian,  2015;  Goshgarian  and  Rafols,  1981;  Lane  et  al.,  2008).  Fol¬ 
lowing  external  intercostal  application,  WGA  labeled  motoneurons  were 
observed  in  the  low  cervical  cord  (C6)  through  the  rostral  thoracic  (Tl) 
spinal  cord  (Fig.  7E).  A  scaled  map  showing  the  spinal  cord  distribution 
of  WGA  labeling  for  each  motor  neuron  pool  is  provided  in  Fig.  7G. 

3.4.  Supplemental  analyses 

The  latencies  of  all  recorded  evoked  responses  ( n  =  3187  across 
all  experiments)  are  summarized  in  Fig.  8.  The  histogram  plot  in  Fig. 
8A  indicates  a  multi-modal  distribution  of  activation  latency  with  the 
earliest  detectable  EMG  responses  occurring  1.2  ms  after  the  stimu¬ 
lus.  The  latency  distributions  were  next  used  to  classify  the  activation 
of  individual  muscles  during  inspiratory-  (Fig.  8B)  and  expiratory-phase 
ISMS  (Fig.  8C).  During  inspiration,  the  average  number  of  short  la¬ 
tency  (<  2.6  ms)  diaphragm  activations  was  relatively  low.  The  great¬ 
est  number  of  diaphragm  activations  occurred  at  latencies  >  3.9  ms 
(Fig.  8B).  In  contrast  to  the  diaphragm,  both  the  external  intercostal 
and  sternocleidomastoid  were  more  likely  to  be  activated  at  latencies 
<  2.5  ms  (Fig.  8B).  Fig.  9  provides  a  representative  map  showing  the 
rostrocaudal  distribution  of  the  onset  latency  of  ISMS-induced  mus¬ 
cle  activation  from  one  experiment.  Note  the  profound  contrast  be¬ 
tween  diaphragm  activation  during  inspiratory  vs.  expiratory  phase 
ISMS  (Fig.  9,  top  panel).  This  example  also  illustrates  that  the  ISMS  co¬ 
ordinates  associated  with  short  latency  activation  of  the  sternocleido¬ 
mastoid  and  external  intercostal  aligned  closely  with  the  respective  lo¬ 
cation  of  the  motoneuron  pool  for  each  muscle  (Fig.  9)  these  locations 


are  based  on  the  stereotaxic  coordinates,  and  we  cannot  rule  out  a  cer¬ 
tain  amount  of  current  spread  throughout  the  tissue. 

4.  Discussion 

Our  results  show  that  ISMS  during  spontaneous  breathing  can  co-ac- 
tivate  the  diaphragm  and  external  intercostal  muscles,  and  therefore 
has  promise  as  a  potential  respiratory  neuroprosthesis.  Co-activation  of 
these  potentially  synergistic  muscles  did  not  require  electrode  place¬ 
ment  in  discrete  regions,  but  rather  could  be  induced  at  locations 
throughout  the  cervical^ord.  In  addition,  both  the  co-activation  pat¬ 
terns  and  motor  unit  potential  amplitude  were  substantially  different 
during  inspiratory-  versus  expiratory  ISMS.  Thus,  the  phase  of  the  res¬ 
piratory  cycle  must  be  taken  into  account  during  ISMS.  Evaluation  of 
ISMS  electrode  location  relative  to  motor  unit  activation  latency  sug¬ 
gests  the  presence  of  a  complex  propriospinal  network  that  can  modu¬ 
late  respiratory  motor  output  as  proposed  by  prior  authors  (Cregg  et  al., 
2017;  Kirkwood  et  al.,  1988;  Lane  et  al.,  2008). 

4.1.  Impact  of  respiratory  phase  on  motor  unit  activation 

Our  results  demonstrate  the  importance  of  considering  the  respira¬ 
tory  phase  when  using  electrical  stimulation  to  activate  respiratory  cir¬ 
cuits.  Since  phrenic  motoneurons  are  actively  inhibited  during  expira¬ 
tion  (Berger,  1979),  we  predicted  that  there  would  be  a  difference  in 
the  amplitude  of  the  ISMS  evoked  response  across  the  respiratl^-^lycle. 
As  expected,  stimulating  in  phase  with  inspiration  activated  m(_^_iotor 


units  in  the  external  intercostal  and  diaphragm  (e.g.,  Fig.4B  top  panel, 
light  vs.  dark  regions).  In  addition,  an  important 
tion  is  that  inspiration  triggered  ISMS  produced 
these  potentially  synergistic  muscle  groups. 


F^Jional  considera- 
co-activation  of 
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Fig.  8.  Synaptic  delays  following  ISMS  stimulation  A)  Pooled  data  from  all  trials  with 
ISMS-evoked  EMG  responses  (3187/16200).  Histogram  (0.1  ms  resolution)  demonstrates 
the  quantal  pattern  of  synaptic  delays.  Dark  green  line  indicates  polynomial  fit,  purple 
lines  indicate  how  data  were  divided  into  putative  direct,  monosynaptic,  disynaptic  and 
polysynaptic  activations.  B)  Muscle  activation  synaptic  delays  resulting  from  stimulation 
delivered  during  the  inspiratory  phase.  C)  Muscle  activation  synaptic  delays  resulting 
from  stimulation  delivered  during  the  expiratory  phase.  (*  denotes  p  <  0.05).  Diaphragm 
(DIA),  External  Intercostal  (EIC)  and  Sternocleidomastoid  (SCM).  (For  interpretation  of  the 
references  to  color  in  this  figure  legend,  the  reader  is  referred  to  the  web  version  of  this 
article.) 


rect  input  from  the  ventral  respiratory  group  in  the  medulla  (Duffin  and 
Iscoe,  1996).  Thus,  oscillations  in  the  excitability  of  the  cervical  pro- 
priospinal  network,  and  specifically  increased  excitability  during  the  in¬ 
spiratory  phase,  may  enable  polysynaptic  activations  during  inspiratory 
ISMS. 

4.2.  ISMS  as  a  possible  respiratory  neuroprosthesis 

Optogenetic  stimulation  has  been  previously  investigated  as  a 
method  of  central  nervous  stimulation  system  to  modulate  respiratory 
volume/frequency  in  awake  rats  (Burke  et  al.,  2014;  Kanbar  et  al., 
2010).  ISMS  provides  an  alternative,  as  electrical  stimulation  can  be  de¬ 
livered  via  relatively  simple  circuits  and  fully-implanted  systems  (Troyk 
et  al.,  2012).  Additionally,  the  tight  temporal  precision  of  ISMS  makes 
it  an  ideal  intervention  for  closed  loop  stimulation  (McPherson  et  al., 
2015;  Nishimura  et  al.,  2013;  Zimmermann  and  Jackson,  2014).  Other 
types  of  electrical  spinal  stimulation  (epidural)  have  been  investigated 
in  particular  for  the  activation  of  intercostal  muscles;  these  methods 
may  also  provide  alternatives  to  diaphragmatic  pacing,  however,  these 
approaches  require  separate  electrodes  for  intercostal  and  diaphragm 
activation  (DiMarco  et  al.,  1987;  DiMarco  et  al.,  2004).  Clinical  closed 
loop  electrical  stimulators  already  exist  for  disorders  such  as  epilepsy 
(Sun  and  Morrell,  2014),  and  custom  multi-channel  stimulators  are  un¬ 
der  development  (Yi-Kai  Lo  et  al.,  2016)  that  will  expand  the  potential 
to  deliver  ISMS  for  a  range  of  conditions  following  CNS  injury. 

Our  data  also  indicate  that  respiratory  phase  specific  stimulation 
could  be  incorporated  into  diaphragmatic  pacing  strategies  if  endoge¬ 
nous  respiratory  drive  is  partially  maintained  (e.g.,  after  incomplete  cer¬ 
vical  spinal  cord  injury).  In  this  case,  stimulation  putatively  delivered 
to  the  muscle,  acts  via  depolarizing  the  nerve  to  evoke  muscle  contrac¬ 
tions.  In  fact  diaphragm  pacing  is  only  effective  if  the  phrenic  nerve  and 
phrenic  motor  pool  are  intact  (Onders  et  al.,  2009).  Future  use  of  ISMS 
to  activate  respiratory  circuits  in  a  synergistic  and  context-dependent 
manner  may  provide  functional  activation  of  respiratory  muscles  and 
aid  in  ventilator  weaning  (Levine  et  al.,  2008;  Smuder  et  al.,  2016).  Im¬ 
portantly,  current  diaphragmatic  pacers  are  largely  open  loop  systems 
and  do  not  have  the  ability  to  leverage  the  phase-dependent  information 
which  may  enhance  their  effect  when  coupled  with  ISMS. 

4.3.  Spinal  networks  and  ISMS 


Table  1 

WGA  labeling  in  the  nucleus  ambiguus.  WGA  labeling  from  at  least  one  of  the  injected 
muscles  was  observed  to  have  been  retrogradely  transported  to  the  nucleus  ambiguus  in 
five  of  the  six  rats.  Muscles  are  intercostal  (IC),  sternocleidomastoid  (SCM)  and  diaphragm 
(DIA). 


Rat  IC  SCM  DIA 


1  + 

2  +  + 

3  -  +  + 

4  —  — 

5  —  +  + 

6  -  -  + 


Another  point  of  consideration  is  that  long  latency  diaphragm  acti¬ 
vations  -  consistent  with  polysynaptic  pathway  activation  -  were  more 
prominent  when  ISMS  was  delivered  during  the  inspiratory  versus  the 
expiratory  phase.  The  respiratory  phase  dependence  of  these  long-la¬ 
tency  activations  may  reflect  more  than  just  inspiratory-expiratory  os¬ 
cillations  in  phrenic  motoneuron  excitability  (Berger,  1979).  Respira¬ 
tory-related  bursting  patterns  are  often  reported  in  cervical  interneu¬ 
rons  (Duffin  and  Iscoe,  1996;  Hayashi  et  al.,  2003;  Hilaire  et  al.,  1986; 
Lane  et  al.,  2009;  Palisses  and  Viala,  1987;  Sandhu  et  al.,  2015;  Streeter 
et  al.,  2017b)  and  at  least  a  portion  of  these  cells  can  have  di¬ 


Many  research  groups  have  suggested  that  propriospinal  networks 
can  regulate  respiratory  motoneuron  output  (Cregg  et  al.,  2017;  Hudson 
et  al.,  2017;  Lane  et  al.,  2008),  and  we  therefore  evaluated  the  latency 
between  ISMS  and  respiratory  muscle  activation  to  provide  indirect  ev¬ 
idence  of  synaptic  connectivity.  Factors  such  as  variability  in  EMG  elec¬ 
trode  placement  and/or  ISMS  electrode  placement  will  impact  the  la¬ 
tency  data.  However,  by  pooling  >  3000  evoked  responses,  we  were 
able  to  evaluate  the  latency  data  in  a  manner  that  at  least  partially  miti¬ 
gates  these  influences.  Evaluating  the  large  number  of  evoked  responses 
revealed  a  multi-modal  distribution  of  the  latency  data  (e.g.,  Fig.  8).  If 
the  contribution  of  each  potential  synapse  is  estimated  to  be  ~  1.3  ms 
(Borst  et  al.,  1995;  Borst  and  Sakmann,  1996;  Meinrenken  et  al.,  2003), 
the  multi-modal  distribution  suggests  the  presence  of  direct,  mono-,  di- 
and  polysynaptic  activation  of  motoneurons  during  ISMS  (see  x-axis  on 
Fig.  8A).  The  longer  latency  activations  are  consistent  with  prior  re¬ 
ports  indicating  that  ISMS  preferentially  activates  spinal  motoneurons 
via  polysynaptic  interneuronal  pathways  (Gustafsson  and  Jankowska, 
1976;  Jankowska  and  Roberts,  1972). While  we  did  not  directly  measure 
synaptic  connectivity  in  the  spinal  cord,  we  feel  this  analysis  is  infor¬ 
mative,  particularly  in  light  of  the  rapidly  increasing  interest  in  spinal 
interneurons  and  activation  of  respiratory  motoneurons  (Cregg  et  al., 
2017;  Fuller,  2017;  Hudson  et  al.,  2017). 
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Fig.  9.  Locations  of  ISMS  activation  latency.  Data  from  an  example  animal  illustrating  that  those  activations  with  shorter  latencies  of  ISMS  occur  near  the  location  of  each  motor  pool 
during  inspiration  the  location  of  each  vertebral  bone  is  noted  on  the  x-axis,  the  distance  from  the  dorsal  surface  of  the  spinal  cord  is  indicated  on  the  z-axis  in  millimeters.  There  is  also 
a  dramatic  reduction  of  polysynaptic  (>  3.9  ms)  activations  between  inspiration  and  expiration,  suggesting  that  ISMS  activates  complex  spinal  networks  preferentially  during  inspiration. 
Diaphragm  (DIA),  External  Intercostal  (EIC)  and  Sternocleidomastoid  (SCM). 


Diaphragm  motor  unit  activation  at  latencies  below  2.6  ms  occurred 
only  when  ISMS  electrodes  were  in  close  proximity  to  the  phrenic 
motor  pool.  Inspiratory  phrenic  motoneuron  depolarization  appears  to 
be  primarily  driven  by  monosynaptic,  excitatory  bulbospinal  inputs 
(Ellenberger  and  Feldman,  1988;  Ellenberger  et  al.,  1990),  and  ISMS  ac¬ 
tivation  of  these  pathways  is  likely  to  account  for  these  short  latency 
diaphragm  activations  (e.g.,  Fig.  8B).  Across  all  experiments,  we  ob¬ 
served  only  a  relatively  small  number  of  short  latency  diaphragm  ac¬ 
tivations.  In  contrast,  ISMS  at  sites  throughout  the  cervical  cord  pro¬ 
duced  diaphragm  activation  at  latencies  >  3.9  ms.  These  longer  la¬ 
tencies  are  consistent  with  activation  of  polysynaptic  excitatory  path¬ 
ways  (Borst  et  al.,  1995;  Borst  and  Sakmann,  1996;  Meinrenken  et  al., 
2003).  Polysynaptic  spinal  activation  of  phrenic  motoneurons  is  plau¬ 
sible  since  both  neurophysiological  (Marchenko  et  al.,  2015;  Sandhu 
et  al.,  2015;  Streeter  et  al.,  2017b)  and  anatomical  data  (Dobbins  and 
Feldman,  1994;  Lane  et  al.,  2008;  Lois  et  al.,  2009)  have  shown  mid^ 
cervical  interneurons  which  are  synaptically  coupled  with  the  phrenic 
motor  pool.  There  is  currently  relatively  little  evidence,  however,  that 
cervical  interneurons  convey  brainstem  “respiratory  drive”  to  phrenic 
motoneurons  during  spontaneous  breathing  (Duffin  and  Iscoe,  1996).  It 
is  worth  emphasizing,  however,  that  conclusions  in  this  regard  have 
been  drawn  almost  exclusively  from  studies  of  anesthetized  and  im¬ 
mobile  experimental  animals.  Data  from  humans  (Butler  et  al.,  2014; 
Hudson  et  al.,  2017)  as  well  as  recent  multi-electrode  recordings  in 
animals  (Sandhu  et  al.,  2015;  Streeter  et  al.,  2017a)  raise  the  possi¬ 
bility  of  a  propriospinal  contribution  to  respiratory-related  control  of 
phrenic  motoneurons.  Another  possibility  is  that  rather  than  conveying 
respiratory  drive,  the  propriospinal  network  primarily  functions  to  co¬ 
ordinate  the  activation  of  the  diaphragm  with  other  muscles  (e.g.,  in¬ 
tercostal,  trunk  muscles)  during  breathing  and/or  postural  movements 
(Bellingham,  1999;  Decima  et  al.,  1967).  Indirect  support  for  this  hy¬ 
pothesis  comes  from  studies  showing  that  intercostal  muscle  activation 
can  alter  phrenic  activity  (Bellingham,  1999;  Remmers,  1973)  and  also 
anatomical  studies  confirming  that  cervical  interneurons  can  be  synap¬ 
tically  linked  to  both  the  intercostal  and  phrenic  motor  pools  (Lane  et 


al.,  2008).  Collectively,  our  results  confirm  that  diaphragm  and  exter¬ 
nal  intercostal  muscle  co-activation  occurs  at  ISMS  locations  through¬ 
out  the  cervical  spinal  cord,  and  the  latency  data  are  consistent  with  the 
possibility  that  activation  of  polysynaptic  spinal  networks  can  drive  di¬ 
aphragm  recruitment. 

In  regards  to  somatotopy,  a  prior  study  in  primates  surprisingly 
failed  to  identify  a  clear  relationship  between  cervical  ISMS  location  and 
the  pattern  of  forelimb  activation  (Moritz  et  al.,  2007).  In  contrast,  a 
clear  spatial  relationship  between  motoneuron  recruitment  and  stimu¬ 
lus  location  was  identified  in  our  subsequent  study  of  ISMS  and  fore¬ 
limb  muscles  in  rats  (Sunshine  et  al.,  2013).  In  the  current  study,  there 
was  not  a  strict  somatotopy  per  se,  but  nevertheless  a  clear  relationship 
existed  between  the  location  of  the  ISMS  electrode  and  the  evoked  re¬ 
sponses.  For  example,  the  clusters  of  activation  shown  in  Fig.  3A  aligned 
with  the  expected  somatotopic  organization  of  the  motoneuron  pools  as 
shown  by  prior  data  (Buttry  and  Goshgarian,  2015;  Lane  et  al.,  2008) 
and  the  WGA  tracing  data  reported  here.  Somatotopy  was  less  apparent 
for  polysynaptic  activation  of  phrenic  motoneurons,  as  these  pathways 
were  activated  throughout  the  cervical  spinal  cord  (e.g.,  Fig.  9). 

5.  Conclusion 

We  report  the  first  comprehensive  mapping  of  ISMS  locations  in  the 
cervical  and  high  thoracic  spinal  cord  and  the  associated  evoked  res¬ 
piratory  muscle  responses.  Our  findings  demonstrate  that  respiratory 
phase  is  a  fundamentally  important  consideration  when  designing  ISMS 
protocols  and  suggest  ISMS-induced  activation  of  polysynaptic  spinal 
pathways  can  effectively  recruit  inspiratory  muscles.  These  data  will  in¬ 
form  the  development  of  implanted  devices  not  only  for  neuroprosthet¬ 
ics  to  drive  ventilation  after  neurologic  injury,  but  also  for  ISMS-based 
approaches  for  targeted  neuroplasticity  to  restore  endogenous  func¬ 
tion.  While  not  directly  addressed  here,  spinal  cord  stimulation  shows 
promise  as  a  therapeutic  modality  following  spinal  cord  injury  (Kasten 
et  al.,  2013;  McPherson  et  al.,  2015).  Similar  applications  of 
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ISMS  to  promote  plasticity  and  rewiring  of  the  respiratory  circuits  have 
exciting  potential  to  modernize  treatments  for  neurological  disorders  af¬ 
fecting  ventilation. 
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Study/Product  Aim(s) 

•  Aim  1:  To  determine  whether  physiologically-based  ISMS  (intraspinal 
microstimulation)  below  a  C3/4  lateralized  contusion  or  C2  hemisection  will 
enhance  the  respiratory  activity  of  PhMNs  and  the  diaphragm. 

•  Aim  2:  To  demonstrate  with  neuroanatomical  and  electrophysiological 
methods  that  patterned  electrical  stimulation  of  spinal  circuitry,  caudal  to  the 
site  of  injury,  will  promote  altered  connectivity  in  conjunction  with  changes  in 
PhMN  and  diaphragm  function. 

Approach 

This  project  is  to  assess  the  effects  of  epidural  stimulation  vs.  ISMS  on  phrenic 
motoneuron/diaphragm  function  and  phrenic  circuit  connectivity  following  cervical 
spinal  cord  injury.  Terminal  electrophysiological  experiments  will  first  be 
performed  to  map  the  phrenic  motor  circuit  in  rats  1-2  months  post  C3/4 
contusions  using  microarray  assemblies.  Terminal  electrophysiological 
comparisons  will  then  be  obtained  of  epidural  and  ISMS  stimulation  on  activation 
of  the  phrenic  motor  circuit  after  chronic  C2  hemisection  (C2Hx;  one  month  post- 
SCI).  The  studies  will  then  move  to  in  vivo  tests  following  C2Hx  and  C3/4 
contusions.  ISMS  will  entail  open-  and  closed-loop  stimulation. 


Timeline  and  Cost 


Activities  CY 

15 

16 

17 

Administrative  Task  1 

■ 

Major  Tasks  1-5 

■ 

1 

Major  Tasks  6-1 1 

| 

Estimated  Budget  ($K) 

$174* 

$175* 

EWOF 

*  Direct  Cost 

Current  Budget  Report  Interval:  1 0/1 6/201 5-1-1 5-201 7 


Illustrated  here  is  the  overall  goal  of  the  project  testing  spinal  stimulation  on 
recovery  of  diaphragm  function  following  interruption  of  descending  respiratory 
drive  pathways  to  the  phrenic  nucleus. 

Goals/Milestones: 

CY15  Goal  - 

□  Admin.  Task  1 :  obtain  IACUC  and  ACURO  approvals 

□  Major  Tasks  1  -2:  To  map  phrenic  circuit  discharge  patterns  following  a  C3/4 
lateralized  contusion  injury  and  terminal  electrophysiological  comparison  of 
epidural  stimulation  and  ISMS  after  chronic  C2  hemisection 

□  Major  Task  3:  Analysis  of  Tissue  Responses  to  Microwire  Implantation 

□  Major  Task  4:  Prepare  for  respiratory  studies 

□  Major  Task  5:  Phase  I  of  closed-loop  intraspinal  stimulation  of  phrenic  motor 
neurons  (PhMNs)  after  C2Hx. 

CY16  Goal  - 

□  Major  Tasks  6-1 1 :  Open-  and  closed  loop  studies  in  spinal-contused  rats. 
Replication  of  most  promising  stimulation  approach  with  follow  up 
neuroanatomical  studies. 

Comments/Challenges/lssues/Concerns 

•  Given  the  labor-intensive  nature  of  this  project,  the  scope  of  the  work  had  to  be 
reduced.  An  EWOF  also  was  necessary,  and  the  last  Major  Tasks  are  now  being 
pursued  under  another  funding  mechanism. 

•  Several  publications  have  nonetheless  emerged  from  this  work. 

Budget  Expenditure  as  of  4-13-2017 

Cumulative  TDC  expenditures:  $342,078.82  (including  U.Wash.  Subcontract) 


